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ABSTRACT
Following an overview of Supramolecular Chemistry, the main focus of this thesis 
was to assess by different methods (^H NMR, X ray crystallography, conductance 
and potentiometric measurements and titration calorimetry) the interaction of ions 
with various receptors (phenylketone calix[4]arene LI, diethylamine 
resorc[4]arene L3, diethyl thiophosphate resorc[4]arene L4, and 7-nitro-1,3,5- 
triaza adamantine L5) in non aqueous solvents.
Solubility measurements of these ligands were carried out in various organic 
solvents at 298.15 K. These data were used to calculate the standard Gibbs 
energies of solution ASG°, and transfer AtG°, of these ligands from a reference 
solvent to another.
lB. NMR investigations showed that LI interacts with alkali, alkaline earth, 
transition and heavy metal cations in deuterated acetonitrile at 298 K while in the 
same solvent, L3 behaves as a ditopic ligand. In moving to deuterated 
dimethylsulfoxide, L3 interacts only with silver (I) and mercury (II) metal cations 
showing once again the effect of the medium on the complexation process. Silver 
and mercury complexes were also found for L4 in deuterated acetonitrile. In this 
solvent L5 showed interaction with the heavy metal cations only and therefore this 
proves to be an interesting moiety to be incorporated as pendant arm in calixarene, 
calixpyrrole and resorcarene receptors.
Conductance measurements were performed with the aim of determining the 
composition of the complexes and these are reported.
The selectivity of the ligands for one ion relative to another was quantitatively 
assessed from the thermodynamics of ionic complexation involving these receptors 
using acetonitrile as the solvent.
X ray studies were also performed to characterize the resorcarene receptors and the 
mercury (II ) and silver (I) adamantane complexes. Final conclusions are given.
Ÿfiù Thesis is cCecficatecC to 
my children,T^efechi, Meziechi andNnenna 
and to a ll the women who are Being oppressed in their marriages..
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Chapter! Introduction
1 Introduction
1.1 Supram olecular Chemistry
Supramolecular Chemistry refers to the area of chemistry that focuses on the non- 
covalent bonding interactions of chemical species. Traditional organic synthesis 
involves the forming of covalent bonds between atoms to form the desired 
molecules. Supramolecular Chemistry utilizes the weak non-covalent interactions 
such as hydrogen bonding, ion-dipole, dipole-dipole, hydrophobic forces and t z - t z  
interactions to assemble molecules into multimolecular complexes. The 
foundations of Supramolecular Chemistry rely on three fundamental concepts. It 
started with Paul Ehrlich who recognized that molecules do not react if they do not 
bind and thus introduced the concept of receptor1. Nevertheless, binding must be 
selective, a notion that Emil Fischer2 proposed in 1894. He presented it in his 
celebrated “lock and key” image of steric fit (Fig. 1.1), implying geometrical 
complementarity and illustrating that an effective complexation can only occur 
when the shapes and arrangements of binding sites fit each other. The importance 
of Supramolecular Chemistry was recognized by the 1987 Nobel Prize for 
Chemistry awarded to Cranj3’4, Lehn5’6 and Pedersen7 for their work in this area. 
Supramolecular Chemistry and self-assembly processes in particular have been 
applied to the development of new materials. Large structures can be readily 
accessed using bottom-up synthesis, as they are composed of small molecules 
requiring fewer steps to synthesize.
Recently Macrocyclic Chemistry has expanded and one area of interest is their 
potential to take part in host-guest interactions. The macrocycles selectively offer 
greater stability to guests than their equivalent acyclic ligands.
Lehn stated in his Nobel lecture in 1987 that unlike Molecular Chemistry, 
Supramolecular Chemistry is “the chemistry of the intermolecular bond, being 
concerned with the structures and functions of the chemical species of greater 
complexity than the molecules themselves6 (Fig. 1.2). Covalent interactions
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between starting materials such as A, B, C and D lead to the formation of 
molecules (interaction between atoms). Selective binding (involving a molecular 
recognition process) of a substrate with the receptor leads to a supermolecule. In 
cases where the molecular receptor has appropriate reactive groups as well as 
binding sites it may react with the substrate (transformation process) after binding 
with it, thus behaving as a supramolecular reagent or catalyst. If  the receptor is 
membrane soluble, it may act as a carrier molecule facilitating the transport of a 
substrate across the membrane (transport process). Thus, molecular recognition, 
transformation and transport represent the three basic features of Supramolecular 
Chemistry.
Host Guest Host-Guest
Fig. 1.1 Receptor, coordination and lock and key analogy
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Fig. 1.2 From Molecular to Supramolecular Chemistry : Molecules, 
Supermolecules, Molecular and Supramolecular Devices6
Developments in Supramolecular Chemistry are focused on the increased 
availability of suitable macrocyclic receptors. Every time a class of macrocyclic 
receptors with unique shape, distinct architecture and a set of functional groups 
from natural or synthetic sources become widely available, supramolecular 
chemists are usually inspired to devise and synthesize novel sophisticated 
receptors and molecular devices from the parent compound.
1.2 Classification of macrocyclic ligands
A considerable number of new macrocyclic ligands have been prepared recently 
and these can be discussed under two main categories according to Cox and 
Schneider8, i.e the naturally occurring and the synthetic macrocycles.
1.2.1 Naturally occurring macrocycles
Some of the macrocycles considered as naturally occurring are Valinomycin, 
Nigericin and Cyclodextrins (CDs). Cyclodextrins are produced by the action of 
cyclomaltodextrin glucanotransferase on starch. They were the first receptor 
molecules whose binding properties towards organic molecules were recognized 
and extensively investigated9. The main cyclic products are a-CD (6 glucose 
units), /?-CD (7 glucose units) and y-CD (8 glucose units) (Fig. 1.3). They possess 
t important applications in the areas of agriculture, food and pharmacology10,11 due 
to their low degree of toxicity. They are cyclic oligomers of a-1, 4 linked D- 
glucopyranose. The main feature of CDs is the presence of a hydrophobic cavity. 
These macrocycles are generally described as truncated cones as shown in Fig. 1.3 
where the OH groups are disposed outside. The ‘top’ side has six ( a ) ,  seven (/?) 
and eight (y-cyclodextrin) primary hydroxyl groups and the slightly wider ‘bottom’ 
side is covered by the twelve (of), fourteen (/?) and sixteen (y-cyclodextrin) 
secondary hydroxyl groups. They are able to interact with a variety of ionic and 
molecular species and to form two types of complexes with a large variety of 
guests.
3
a) Inclusion or ‘axial’ type complexes in which the cyclodextrin cavity hosts the 
guests and b) ‘equatorial’ or lid type complexes in which host-guest interactions 
take place outside the cavity of the macrocycle12,13.
#
a$
yti
Fig. 1.3 Structure of [5 cyclodextrin
Prim ary face
Hydrophobic interior
Secondary face
Fig. 1.4 Cone shape of cyclodextrin
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Synthetic macrocycles
Recently, a large variety of synthetic macrocycles has been synthesized and the 
commonly known ones are 4-aza-crown-4, 18-crown-6, cryptand 222, spherands, 
/?-ter^butylcalix[4]arene, calixpyrrole and resorcarene (shown in Fig. 1.5). Their 
complexation properties and the thermodynamics of complexation of these 
macrocycles with metal and organic cations were extensively studied in a wide 
range of solvents9,14'16.
Tetraaza-macrocycles (e.g. [14]aneN4) are planar compounds known to interact 
strongly with transition cations such as zinc, cobalt and nickel due to the ideal 
(planar) arrangement o f the four nitrogen donor atoms.
Crown ethers (e.g. 18-Crown-6) are known for their complexing ability with alkali
17and alkaline-earth metal cations . These are extremely versatile complexing 
agents and they are also able to interact with amino acids through hydrogen bond 
formation18. Crown ethers are mostly known by their interactions with cations and 
neutral species. The hard donor atom (O) in the crown’s structure tends to interact 
mostly with hard cations such as alkali and alkaline-earth metals cations. Danil de 
Namor and co-workers19,20 reported the interactions of 18-crown-6 with amino 
acids and stated that in the crown ether, hydrogen bonding takes place between 
three hydrogens of the guest and three oxygen donor atoms of the ligand as well as 
the existence of three N+---0 electrostatic interactions (between the of the 
amino acid and the oxygens of the crown ether).
2i
Cryptands (eg Cryptand 222) are bicyclic compounds containing a three 
dimensional cavity lined with oxygen and nitrogen donor atoms, the size of which 
is determined by the size of the bridges connecting the nitrogen atoms. Due to the 
presence of this intramolecular cavity, their complexes with cations are generally 
stronger than those of crown ethers. Complete encapsulation of the monovalent 
cation in this cavity is usually achieved21. Danil de Namor and her group reported 
the thermodynamic data on the complexation of cryptands with metal cations and 
amino acids19.
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Spherands22 are macrocyclic compounds containing a structurally rigid octahedral 
cavity which is strongly selective for lithium but also able to complex with 
sodium. Spherands do not show any evidence of complexation with potassium or 
larger cations possibly due to the lack of flexibility of their intramolecular cavities3
Calixpyrrole was first reported by Baeyer as a product of the acid condensation of 
pyrroles with ketones in 188623. Due to the NH groups of calixpyrrole in the 
structure they are able to interact with anions and neutral species24. Calixpyrrole 
can be modified by functionalising the carbon25 and nitrogen26 atoms of the 
aromatic rings as well as the meso position of the bridge27. Thermodynamics of 
calixpyrrole interaction with anions has been reported by Danil de Namor and her 
co-workers28"30.
.NH HN.
NH HN'
.0
/ \0
a r \V q
— 0 0
\ /
14-azacrown-4 18-crown-b Cryptand 222 Typical spherand
j?-fert-butylcalix[4] arene Calixpyrrole Resorcarene
Fig. 1.5 Structures of some synthetic macrocycles.
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1.2.2 Calixarene and resorcarene macrocycles
This research project involves the complexation of calixarene and resorcarene 
derivatives and 7-nitro-1,3,5-triazaadamantane with different cations in different 
solvents. Therefore, calix[4] arene and resorcarene macrocycles will be discussed 
in detail in the next section.
1.2.2.1 H istory and nomenclature o f calixarenes and resorcarenes.
The name ‘calixarenes’ was derived from the Greek word ‘Calix Crater’ due to the 
resemblance to a vase known by this name. The term ‘calixarene’ was used to 
name a certain family of cyclic phenols, but due to new discoveries of macrocycles 
resembling the ‘calix shape’, this nomination has been generalized to represent a 
much broader range of ligands. Von Baeyer reported reactions between phenols 
and aldehydes to give calixarenes as far back as 187231’32. Von Baeyer could not 
identify most of the products at that time, and it was almost seventy years before 
Zinke and Ziegler33,34 assigned the cyclic tetrameric structure of the product (I) 
resulting from the base-induced condensation of ^-ferf-butylphenols with 
formaldehyde. The cyclic tetramers (II), obtained from the acid-catalysed reaction 
of resorcinol with aldehydes, was identified by Neiderl and Vogel in 1940 in the 
USA35 (Fig/1.6). Their structure was established in 1968 through X-ray 
crystallography36.
Calix[4]arenes (I)
Resorcarenes (II)
Fig. 1.6 Structures of calix[4] arene and resorcarene.
Compounds of type (I) were termed calixarenes by Gutsche in 197837. The prefix
‘calix’ means ‘beaker or bowl’ (Fig. 1.6) in Greek and Latin respectively. This
terminology was chosen to describe the conformation which the tetramer and the
pentamer generally adopt37. Colloquially it is called ‘;?-fe77-butylcalix[4 ]arene’ but
♦
its systematic name is 5, 11,17,23-tetra-ferf-butylcalix[4]arene-25,26,27,28- tetrol. 
Gutsche in 1978 simplified the synthesis of j9-ferf-butylcalix[4]arene. The method 
involves the condensation of ^-substituted phenol with formaldehyde in the 
presence of a base (Figs. 1.7 and 1.8).
Gutsche and Bohmer37,38 attempted to classify compounds of type (II) as 
calixarenes by calling them calixresorcarenes or resorcinol-derived calix[4]arenes.
The systematic name for (II) is 3,5,7 (28X9,11,13 (27), 15,17,19 (26),21,23 -  
dodecaene - 4,6,10,12,16,18,22,24 -  octol.
RHCOH /  base
OH
n= 4,6,and 8.
Fig. 1.7 A single step synthesis of calixarenes37.
Fig. 1.8 Schematic drawing showing the shape of/?-tert-butylcalix[4]arene
1.3 An overview o f Calixarene Chemistry
Calixarenes36'39 are synthetic macrocycles containing phenolic residues in a cyclic 
array linked by methylene bridges in ortho positions with respect to the hydroxyl 
groups. Fig. 1.9 shows the structure of the parent compound, p-tert- 
butylcalix[4] arene.
The versatility of the parent calixarene makes it possible to introduce lower and 
upper rim functions to it.
9
OH
Fig. 1.9 Parent /j-fe/*/-butylcalix[4]arene compound.
Selective functionalisation of calixarenes is achieved by using suitable reagents
35and conditions . Macrocyclic chemistry has been transformed by the the interest 
in metal-ion complexation known as host-guest chemistry. Numerous calixarene 
ligands with a varying combination of oxygen, nitrogen, sulphur and phosphorous 
as donor atoms have been synthesised’42,41 The calixarenes are designed to 
accommodate ionic species by adjusting the cavity size, shape, the number and 
type of coordinating atoms. Calixarenes are easily accessible so, they are popular 
as platforms for assembling elaborate structures with ligating side pendant arms for 
the reception of guest species42'44. The calixarene tetramer exists in a 
4 cone’conformation36,45 and is characterised by,
a) A hydrophobic cavity situated between the aromatic ring and is able to 
interact with neutral species47.
b) A hydrophilic cavity created by the introduction of suitable groups with the 
appropriate donor atoms at the lower rim. This cavity is able to interact 
with ionic species.
Calaxarenes can be functionalised at the lower and upper rim postions.
1.3.1 Functionalisation at the lower rim
When calixarenes are functionalised at the lower rim, a wide variety of derivatives 
are produced. The type of functional group to be introduced in the pendant arms 
depends on the metal ion that is being targeted47 (Fig. 1.10).
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Fig. 1.10 /?-fert-butylcalix[n] arene
Among the functional groups (XR) which have been attached to the parent 
calixarene are amides46, ketones47 esters47, amines48,49or thiophosphate50 and these 
functionalised calixarenes then act as metal ion receptors (Fig. 1.11).
The different functionalised calixarene compounds synthesised are shown below
/?-fer/-butylcalix [4] arene 
acetamide
/?-fer/-buty Icalix [4] arene 
ketone
/?-ferf-butylcalix[4] arene 
ester
OH
NH
j^O-P=S
<
p-/er/-butylcalix[4] arene 
amine
p-/e/,/-butylcaIix[4] arene amino 
thiophospate
Fig. 1.11 Lower rim functionalsed calix[4]arenes
1.3.2 Functionalisation at the upper rim
To functionalise the upper rim, the p-tert-buXyl group is removed from the parent 
p-tert -butylcalix[4]arene by A1C13 catalysed Friedel-Crafts reaction. Débutylation 
of ;?-fgrf-butylcalix[4] arene makes the para position of the calix[4] arene available 
for para substitution at this position. There are different procedures for upper rim 
functionalisation and they include Mannich reactions using dialkyl amines51’52, 
Claisen rearrangement of O-allyl to jy-alkycalixarenes52,53 and electrophilic 
substitution reactions such as nitration54 or sulphonation27. Scheme 1.1 presents the 
different procedures used to functionalise the upper rim of p-tert -  
butylcalix[4]arene.
R
a ic i.
Toluene 100°C
OH OH
OH
In the reaction, R  can be represented by any of the following
Mannich reaction: -CH2NR2
Claisen:
R= Nitration: -NO2
Sulphonation -S03H
Scheme 1.1 Upper rim functionalised /7-^z*/-butylcalix[4]arenes
Properties of calixarenes
1.3.3 Solubilities of calixarenes
Most parent calix[n]arene compounds are practically insoluble in water and they 
also show low solubility in organic compounds. Their solubilities (i.e parent
calixarenes) are affected by the functional groups attached to the para position of 
the macrocycle. Functionalisation of the calixarene molecule with ketones or esters 
at the lower rim generally increases their solubilities in organic solvents47. Given 
that this research involves the interaction of a ketone derivative with metal 
cations55,155 solubilies of /?-ter£-butylcalix[4] arene tetraphenylketone in various 
solvents are reported.
Table 1.1 displays the solubilities of ^ -fgrf-butylcalix[4] arene tetraphenylketone in 
various solvents at 298.15 K reported by Danil de Namor and coworkers55.
Table 1.1 Solubilities, standard Gibbs energies and enthalpies of solution of 
tetraphenylketone calixarene in various solvents at 298.15 K. Derived 
transfer Gibbs energies and enthalpies from acetonitrile55.
Solventa Solubility/ mol dm"3 ASG7 kJ 
mol"1
AtG7 
kJ mol"1
ASH7
kJmol' 1
AtH0(MeCN-+s2) 
/ kJ mol"1
MeCN 2.20 xlO"4 2 0 . 8 8 ~ 0
MeOH 1.63 xlO"4 21.62 0.74
EtOH 3.05 xlO"4 20.07 -0.81
1-PrOH 4.71 xlO"4 18.99 -1.89
PC 8.57 xlO"4 17.50
i
-3.37
Me2SO 1.90 xlO"4 15.53 -5.35
DMF v. soluble 3.4 3.4
CH2CI2 v. soluble -10.9 -10.9
PhCN v. soluble -3.4 -3.4
CHCI3 v. soluble
Abbreviations:MeCN, acetonitrile; MeOH, methanol; EtOH, ethanol; 1-PrOH, propan-l-ol, PC, propylene 
carbonate; Me2SO, dimethyl sulfoxide; DMF, N,N-dimethylformamide; CH2CI2, dichloromethane; PhCN, 
benzonitrile; CHC13i chloroform.
The tetraphenyketone calix[4] arene showed solvate formation in DMF, CH2CI2, 
PhCN and CHC13 when exposed to a saturated atmosphere of these solvents, so,
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the standard Gibbs energies in these solvents were not calculated. The ability of 
tetra phenylketone calix[4]arene to interact with the solvent follows the squence
Me2SO> P O l  -PrOH> EtOH> McCN> MeOH".
1.3.4 Conformations of calixarenes
X ray crystallography and ^  NMR studies
The conformational changes that the calix[4]arene ligand undergoes upon 
complexation with ionic or neutral species can be assessed from !H ’NMR 
investigations56. Gutsche and co-workers58 established that the conformations of 
calixarenes and their derivatives can be established by observing the resonance of 
the methylene protons (axial and equatorial) in the l¥L NMR spectrum. In the 
‘cone’ conformation A8ax_eq is about 0.90 ppm while values of 0.50 ppm and higher 
than 0.90 ppm are found for calixarenes in their flattened and distorted 
conformation respectively. Danil de Namor and co workers40 studied the chemical 
shift changes of partially substituted thio derivative of calix[4]arene in CD3C1, 
CD2CI2, CD3CN; CD3OD and C3D7NO (ASax.eq = 0.99,'0.97, 0.90, 0.98 and 0.83 
ppm respectively) at 298 K. They showed that in these solvents, this thio 
calixarene derivative adopts a perfect ‘cone’ conformation.
X ray crystallographic studies have provided information about the structures of 
calixarenes in the solid state47’50’107, while NMR spectroscopy has been used to 
assess the structural properties of these compounds in solution50. It is now well 
established that in the solid state, the ‘cone’ conformation is exclusively observed 
for the parent p-tert-butyl calix[4]arene (with the OH groups)37. In solution, 
Conforth and co-workers57 have shown that the cyclic tetramer can take four 
different conformations with the different aryl groups projecting upwards or 
downwards relative to an average plane defined by the bridging methylene groups 
as illustrated in Fig. 1.13. Gutsche 58 has introduced the terminology ‘cone’, 
‘partial cone’, 1-2 alternate and 1-3 alternate to indicate their conformation.
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NMR studies on a number of calix[4]arenes and their derivatives have been 
carried out. Thus in deuterated chloroform (CDC13) at 298 K, the p-tert-buty\ 
calix[4] arene gives the following signals for the various cdnformers
(i) When this ligand exists in its ‘cone; conformation, the aromatic protons of the 
ferf-butyl and the hydroxyl protons show a singlet signal for each of them, while a 
pair of doublets are found for the protons of the methylene bridge.
(ii) In the 1, 3 alternate conformation, each proton is shown as a singlet.
(iii) In the partial ‘cone’ conformation, four singlets or two doublets are found for 
the aromatic protons while three singlets and two doublets are observed for the 
ferf-butyl and the methylene bridge respectively.
(iv) In the 1,2 alternate conformation, the aromatic protons give two singlets, the 
p-tert-buty\ protons are characterised by one singlet while a pair of doublets are 
observed for the methylene bridge protons.
Increasing the number of phenolic units in the structure of calixarenes affects the 
flexibility and variety of possible conformations considerably. Additional 
orientations can be present and this is accompanied by a loss of the ‘cone’ 
conformation. Thus calix[5]arenes can assume four ‘up/down’ conformations (the 
same number as calix[4]arenes), calix[6]arenes and calix[8]arenes can adopt eight 
and sixteen conformations59 respectively. By the appropriate functionalisation of 
calixarene, conformational mobility can be curtailed, freezing the molecule into 
one or more of the available conformations60.
Calix[4]arenes and its derivatives undergo conformational changes as a result of 
the medium effect or upon complexation with ionic and neutral species. These are 
reflected in the difference in the chemical shifts of the axial and equatorial protons 
of the methylene bridge (AS^eg). In the ‘cone’ conformation, AÔ -^eq = 0.90 ppm 
while values of 0.5 ppm have been reported for a calix[4]arene in a flattened 
‘cone’ conformation. Calix[4]arenes in a distorted ‘cone’ conformation show
AÔax-eq values higher than 0.90 ppm. Thus Danil de Namor and co-workers47 
reported that 5,1 l,17,23-tetra-tert-butyl-25,27-bis(ethylethanoate)oxy-26,28-
15
bis(ethylthioxy)-calix[4]arene (calix[4]arene ester thiol) has 1.35, 1.24, 1.36, and 
1.30 ppm as the chemical shift changes between the axial and equatorial protons in 
CDC13, CD3CN, CD3OD and C3D7NO respectively. Because Aôax-eq is more than 
0.90 ± 0.2 for this calixarene molecule it is assumed that the ligand adopts 
distorted‘cone’ conformation.
0 ?
ch2 ÇH2
ch2 . ÇH2
s 9
ÇH2 -0
-
ch3 ch3 5,11)17,23-tetra-^r/-butyl-25,27-bis(ethylethanoate)oxy- 
26,28-bis(ethylthioxy)-calix[4] arene (calix[4] arene ester thiol)
The different conformations are presented in Fig. 1.12.
HO OH OH OH
(A)
OH
'H OH
HO
HO HO HO
R
OH
(Q  (D)
Fig. 1.12 Up and down schematic drawing of the four conformations of p-tert-
butylcalix[4] arene: (A) cone, (B) partial cone, (C) 1,3 - alternate, (D) 1,2 -
alternate58
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1.3.5 Complexation of calixareness with cations and neutral species
Danil de Namor and co-workers47 from X ray crystallographic studies have 
reported that /?-tert-butylcalix[4] arene tetra phenylketone interacts with one unit 
of acetonitrile in the hydrophobic cavity. Danil de Namor and co-worker50 also 
reported the inclusion of acetonitrile in the hydrophobic cavity of 5,11,17,23-tetra- 
fer£-butyl-25,27-bis(diethylphosphate amino)ethoxy-26,28 dihydroxycalix[4]arene. 
They reported that the H-bonding in the lower rim produces relatively open 
chalices hence affording the inclusion of the acetonitrile in the hydrophobic cavity. 
The first cation complexation solution studies using parent calixarenes were 
carried out by Izatt and co-workers30,61. These authors proposed that parent 
calixarenes are not effective cation carriers in neutral solution, but they possess 
significant transport abilities for alkali-metal cations in phase transfer processes 
from an alkaline aqueous phase to a nonaqueous phase such as chloroform. Since 
chloroform has a low dielectric constant it is used as a representative of the 
membrane. Izatt and co workers in their studies proposed that calixarenes have or 
possess useful ion carrier features due to their potential for allowing the coupling 
o f cation transport with the reverse flux of protons. The thermodynamics of 
calix[4]arene chemistry involving cations and neutral species has been reviewed 
by Danil de Namor and co-workers62,63. In this review, the solution 
thermodynamics of parent and derivatives of calix[n]arehes (n = 4, 6) was 
discussed together with some published data on metal-ion complexes. Given that 
this thesis is concerned with cation complexation involving a calix[4]arene 
derivative, the thermodynamics of complexation of calixarene derivatives and 
metal cations is discussed in the following section.
1.3.6 Thermodynamics of lower rim functionalised calixarene complexation 
with metal cations.
The stability constant, log Ks is the most widely acepted parameter and it is used 
to define quantitatively the affinity of a receptor for a cation or anion in a solvent.
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For the formation of a 1:1 (metal cation : ligand) process in a solvent as described 
in eq. 1.1, the stability constant, Ks is defined in eq. 1.2.
+ e q l . l
aM»+-aL ]y±M„+.[L]yL eq 1.2
In eq. 1.2, ûf, y± and yL denote activity, mean molar ionic activity coefficient and 
activity coefficient respectively. On the assumption that
eq 1. 37  =  7  ± M n+L
and t l  = 1 in dilute solutions it follows that
K  = W n+L]
' W n i L ]  eq l . 4
In eq. 1.4, Ks values are referred to the standard state of 1 mol dm for the 
reactants and the product and therefore it does not have units.
Selectivity is a parameter that compares the stability constant of a ligand for a 
given cation relative to another. Thus, the selectivity factor is expressed as the ratio 
between the stability constant of the ligand with a given ion with respect to another 
in a given solvent and at given temperature.
Selectivity(S)=K^ M  ^
W +]2 eq l . 5
Table 1.2 reports the stability constants, derived standard Gibbs energies, ACG°, 
enthalpies, ACH° and entropies, ACS° of tetraethyl ester y>-terZ-butylcalix[4]arene 
and tetramethyl ketone ^-/er/-butylcalix[4] arene with bivalent cations in 
acetonitrile at 298.15 K47.
Table 1.2 Stability constants (log Ks) and derived standard Gibbs energies, 
enthalpies and entropies of complexation of tetraethyl ester 
butylcalix[4]arene and tetramethyl ketone p-ferf-butylcalix[4] arene with 
bivalent cations in acetonitrile at 298.15 K47.
o
o
Tetraethyl ester p-tert- Tetramethyl ketone p-
butylcalix[4] arene ?er -^buty lcalix[4] arene
Tetraethylester
Calix[41arene
log Ks AcG°/kJ mol"1 AcH7kJ mol"1 ACS7J K"1 mol"1
Ca2+ 8.15 -46.23 -53.8 -25
Sr2+ 5.35 -30.48 -37.6 -24
Ba2+ 4.34 -24.80 -29.6 -16
Pb2+ 7.39 -42.18 -59.7 -59
Cd2+ 4.08 -23.29 -22.4 3
Tetramethyl ketone/7-tertbutylcalix[4] arene
M g" 3.33 -19.01 +48.1 225
Ca" 12.16 -69.41 -65.3 14
Sr" 7.90 -45.10 -49.8 -16
Ba" 5.14 -29.34 -36.9 -25
Pb2+ 9.30 -53.09 -62.7 -32
Cd" 6.60 -37.67 -22.7 50
Hg" 5.90 -33.68 -32.3 5
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This report shows that interaction of these two ligands with bivalent cations is 
selective. Thus the following sequence is found in terms of stability constant in 
acetonitrile for the tetraethyl ester derivative
Ca2+> Pb2+ > Sr2+ > Ba2+ Cd2+ >Hg2+.
This sequence is slightly altered for the tetra methylketone derivative as shown 
below
Ca2+ > Pb2+ > Sr2+ > Cd2+ > Hg2+ > Ba2+ > Mg2+.
2+The two ligands are selective for Ca but the teramethyl ketone derivative has 
higher affinity for Ca than the ester derivative. The interactions of the two 
ligands with bivalent metal cations in acetonitrile are all enthalpically controlled
with the exception of Mg2+. The tetraethyl ester derivative does not show
2+complexation with Mg while the tetramethyl ketone detivative shows 
complexation. The complexation with Mg2+ is enthalpically disfavoured and 
entropically enhanced.
1.3.7 Applications of Calixarenes
Perrin64 was the first to give a good account of the industrial uses of calixarenes. 
Since then the number of patent applications involving calixarenes has increased 
significantly. Some of these applications are now discussed.
1.3.7.1 Nanomedicine applications
Calixarenes have found a lot of uses in nano chemistry . Nanomedicine applications 
include drug delivery systems, diagnostics and scaffolds for drug design.
Kalchenko and Kukhar65 synthesized calixarene based phosphate inhibitors and 
calcium exchange regulators by functionalising the upper rim of calixarenes using 
phosphonic acid fragments (Fig. 1.13) and sulfonylamidine groups (Fig. 1.14). 
While phosphonic acid calixarenes are able to inhibit alkaline phosphatase 
interactions, sulfonylamide calixarenes influence calcium transport in Mg2+-ATP 
dependent calcium pumps.
20
(OH).
OH
Fig. 1.13 Calix[4] arene methylene bis-phosphonic acid
Fig. 1.14 Calix[4] arene sulfonylamine
1.3.7.2 Polymerization Synthesis.
Shen et a l 66 reported the use of calixarenes in the synthesis of polymers. They 
prepared a series of rare earth calixarene complexes and used them as catalysts for 
the polymerization o f ethylene, styrene, butadiene, propylene oxide, styrene oxide, 
trimethylene carbonate and 5,5-dimethylene carbonate. The rare earth 
calix[8]arene is represented below and the lanthanides used were La3+, Nd3+, Y3+, 
Sm3+,D y3+.
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Fig. 1.15 Lanthanide calix[8] arenas (Ln = La3+, Nd3+, Y3+, Sm3+, Dy3+)
1.3.7.3 Photo-induced electron transfer sensors67
Bridging of a calix[4]arene by a polymer link can lead to selectivity in the binding 
of alkali metal ions. This was achieved by the attachment of 9-cyano-anthracene 
fluorophores to 1,3-alternate calix[4]bis-obenzo-crown-6 and led to a Cs+- 
selective sensor. In the free ligand, fluorescence is partly quenched by 
intramolecular electron transfer from the dialkoxybenzene unit of the bridge. The 
selective binding of the Cs+ cation (in preference to other alkali metal ions) to 
oxygen atoms inhibits this electron transfer and allows emissive de-excitation. 
Alkoxy-aromatic centres are less efficient than amino centres in intramolecular 
electron transfer and a greater emissive de-excitation effect can be obtained by 
appropriate modification of the sensor structure. Other sensor transfer material 
processes include Excimer Formation Sensors and Fluorescence Resonance 
Energy Transfer Sensors. Fig. 1.16 presents attachment of Cs+ to the calix[4]arene 
polymer.
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Fig. 1.16 9-cyano-anthracene attached to 1,3-alternate calix[4]bis-o-benzo- 
crown-6.
1.3.7.4 Extraction of ionic species and phenoxyherbicides
Calixarenes can be grafted onto modified silicates which can then be used for 
the extraction of chemical species from aqueous media. Danil de Namor and 
her co-workers46,49,50 investigated the removal of (a) mercury (as picrate),
(b) sodium (as chloride) and (c) acid herbicides from aqueous media using 
calix[4]arene derivatives grafted on silica. (Fig. 1.17)
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Me0 /S i-O M e
NH
Calix[4] arene amino thiophosphate 
silicate
Calix[4] arene amino silicate
NH
o
Calix [4] arene acetamide
Fig. 1.17 Calix[4] arene derivatives grafted onto silica supports
These authors reported that the calix[4] arene amino thiophosphorus silicate used 
for the removal of mercury as picrate was able to remove 880 mmol of 
mercury(II)/gram of the modified silicate. For the acid herbicides, partially 
substituted amine calix[4]arenes were used to remove 2,4-dichlorophenoxy acetic 
acid (0.27 mmol per gram of the material), 2-(2,4-dichlorophenoxy)propionic acid 
(0.25 mmol per gram of the material), 4-(2,4-dichlorophenoxy)butyric acid (0.26 
mmol per gram of material) and naphthalene acetic acid (0.24 mmol per gram of
24
the material). The fully substituted calix[4]arene amine is able to double the uptake 
of the herbicides giving 0.55, 0.57, 0.55 and 0.54 mmol per gram for 2,4- 
dichlorophenoxyacetic acid, 2-(2,4-dichlorophenoxy)propionic acid, 4 -(2 ,4 - 
dichlorophenoxy)butyric acid and naphthalene acetic acid respectively. 
Calix[4]acetamide attached to silica was used for the removal of sodium and this 
material is able to remove 4.9 mmol per gram of the material. Another point of 
importance is that the material can be recycled and used for subseqent removal of 
ionic species. Shinkai et a l .68also designed calix[6]arene functionalsed with 
(arylamino)alkyl moieties at the the upper rim for the inclusion of fullerene (C60). 
Atwood et ûf/..69have also reported the complexation of/>benzylcalix[5]arene and 
C60 in toluene. The changes in partial molar volumes on complexation were 
measured using a high precision densitometer.
Given that the investigation decribed in this thesis involves the macrocycles known 
as resorcarenes a brief description of these ligands is given in the next section.
1.4 Synthesis o f resorcarenes
Resorcarenes can be synthesized in high yields via a simple, one step procedure 
(Scheme 1.2). In most cases, the acid catalyzed condensation reaction between 
resorcinol and aliphatic or aromatic aldehydes has been the synthetic procedure 
used. Lewis acids catalysts are currently being used in resorcarene synthesis, such 
as [Yb (H2 0 )9](0 TF)37°, j>TsOH71 and more recently Bi (CFsSOs^. 4 H20 72.
The “Niederl-Hôgberg Procedure ” has been shown to be an excellent preparative 
method for the synthesis of calix[4]resorcarenes. For this procedure the reactants 
are heated under reflux in a mixture of ethanol and concentrated HC1 for several 
hours depending on the aldehydes used73,74.
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HO.HCI .ethanol OH
H
Acetaldehyde Calix[4]resorcareneResorcinol
Scheme 1.2 Synthesis of resorcarenes
The cyclotetramer crystallizes from the reaction mixture under certain conditions 
in most cases. The synthesis is generally carried out using the unsubstituted 
resorcinol (1,3-dihydroxybenzene), but in certain cases, 2-methylresorcinol or 
pyrogallol ( 1,2,3 -trihydroxybenzene) was used with formaldehyde and it yields the 
tetrameric structure in isolable amounts75. Most aliphatic or aromatic aldehydes 
can be successfully used. Crowded aldehydes, like 2,4,6-trimethylbenzaldehyde76 
or aliphatic aldehydes with functionalities too close to the reaction centre, like 
C1CH2C H 073 do not lead to the desired compounds.
The mechanism of the acid-catalysed condensation reaction between resorcinol
and acetaldehyde was interpreted in terms of cationic intermediates and
electrophilic aromatic substitution processes. Whether the cyclic tetramer is
formed via  cyclodimérisation of a pair of hydroxymethylated dimers or via
cyclisation of a hydroxymethylated linear tetramer as well as the driving force for
«
cyclisation were unknown for a while . Weinelt and Schneider76 then investigated 
the mechanism of the reaction between resorcinol and acetaldehyde in 1991 in 
methanol / HCI. The authors followed quantitatively the formation of all oligomers 
and cyclic products over a period of time using !H NMR spectroscopy. It was 
established that the formation of the cyclotetramer proceeds via a sequential 
coupling of dimethyl acetal with resorcinol units to form intermediates (dimer, 
trimer and tetramer) or higher oligomers containing more than four monomers 
(Scheme 1.3).
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High Polymers
HO. OH
HO
vOH HO. OH
Scheme 1.3 Mechanism of formation of C-methylcalix[4] resorcarene
Weinelt and Schneider established that all observed intermediates showed 
resorcinol at the terminal positions. This is in accordance with the fast reaction of 
such species under acidic conditions. Dimers and trimers could be isolated, but the
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linear tetramers react very rapidly and: accumulate in observable quantities. The 
fast cyclisation77 is believed to be related to the folded rather than to the linear 
conformation adopted by this macrocycle. This is due to the fact that the former 
conformation has a higher ability to enter hydrogen bond formation between the 
phenolic hydroxyl groups of adjacent resorcinol units. Resorcarene can be 
synthesised easily by acid condensation of phenol and formaldehyde.
1.4.1 Stereochemical properties of resorcarenes
Calix[4]resorcarenes are not planar molecules. In principle, they behave like 
phenol-derived calix[4]arenes which can exist in many different isomeric forms. 
The stereochemistry can be defined as a combination of the following three 
stereochemical elements:
(i) The conformation of the macrocyclic ring (section 1.4.2)
(ii) The relative configuration of the substituents at the methylene bridges of
calix[4]resorcarenes. (section 1.4.3)
(iii) The individual configuration of the substituents at the methylene bridge 
(section 1.4.4). ^
(iv)
1.4.2 The conformation of the macrocyclic ring
The conformation of the macrocyclic ring can adopt five arrangements; these are 
shown in Fig. 1.18.
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Fig. 1.18 Schematic drawing of the five conformations of C- 
methylcalix[4] resorcarene: (a) Crown, (b) Boat, (c) Chair, (d) Diamond and 
(e) Saddle conformations.
1.4.3 The relative configuration of the substituents at the methylene bridges of 
calix [4] resorcarenes
Calix[4]resorcarenes possess four pro-chiral centres at the bridging carbon atoms. 
Therefore, these macrocycles can exist in four different diastereoisomeric forms as
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illustrated in Fig. 1.19. The macrocyclic ring is considered to be planar for the 
purpose of perceiving the stereochemical relationships between the pro-chiral 
centres. Assigning one of three residues (R) on a pro-chiral center as the reference 
group (r) and proceeding around the ring in a sequential clockwise progression, the 
residues R of other groups can be designated as cis (c) or tram  (t) relative to the 
reference group (r).
rcttrcct rtct
(rctc,rtcc, rttt) (rttc)
Fig. 1.19 Stereochemical relationships among the four groups at the 
methylene carbon of calix[4]resorcarenes. *
In practical terms, rccc isomers have always been found to have either the 
symmetrical 'crown" or 'bowP conformation (equivalent to the ‘cone’ 
conformation) or the symmetrical boat conformation (equivalent to a flattened or 
pinched ‘cone’ conformation). The rctt isomer has been found only in the C2h 
symmetry (‘chair’ conformation) which is equivalent to a transition state between a 
partial cone and a 1,3-alternate conformation. The rcct isomer assumes a Cs 
symmetrical ‘diamond’ conformation which is equivalent to a \,2-alternate 
conformation, while the rtct isomer is predicted to assume a S4 symmetrical saddle 
conformation, equivalent to a 3-alternate conformation.
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1.4.4 The individual configuration of the substituents at the methylene bridge
The orientation of the R group at the bridging carbon of some conformers of 
calix[4]resorcarenes can be designated as axial or equatorial. The crown rccc 
conformer was found to have all R  groups m axial positions in the lower energy 
form and in equatorial positions in the inverted higher energy form. Therefore they 
designate the calix[4]resorcarenes as 6 exo-calixarenes’78. This contrasts with the 
phenol derived-calixarenes designated as ‘endo-calixarenes’ where the R groups 
on a bridging carbon prefer the equatorial orientation. The conformational 
preferences of the calix[4]resorcarenes are explained in terms of the distance 
between the hydroxyl groups of the aromatic rings and the R groups on the 
bridging carbon atoms. The greater their proximity, the higher the energy of the 
system79
Conformational isomers of calix[4]resorcarenes are interconvertible by rotation 
around bonds. In contrast to the phenol-derived calixarenes, calix[4]resorcarenes 
carrying a substituent on the bridging carbon may not undergo facile 
conformational interconversion, because the process requires the substituent(s) to 
pass by the exo hydroxyl groups. With bulky substituents, this can be difficult; 
however, interconversion is rather rapid79. Timmerman et a l 77 reported that the 
stereoisomers arising from substituted bridging methylene carbon atoms are 
interconvertible only by breaking and forming bonds.
Since there are many stereoisomeric possibilities for calix[4]resorcarenes, the 
reaction products are not, in practice, intractable mixtures and the resorcarene 
product is frequently a single material or, at most, a mixture of two or three 
isomers with one isomer predominating.
Weinelt and Schneider76 have shown that the acid-catalysed formation of 
calixresorcarenes is reversible80 and the major product fulfils the following 
requirements
i) It is most rapidly formed (the kinetic product-ofren the rccc {boat, 
cmwTî) isomer, but sometimes the rc^  (c/z<2z>) isomer81
ii) It is most stable (generally the rccc isomer).
in) It is the least soluble in the reaction solvent.
1.4.5 Resorcarene macrocycles and methods of functionalisations
The upper rim of resorcarenes is already functionalized with hydroxyl groups 
which provide excellent sites for the introduction of other moieties. The presence 
of the two electron-releasing hydroxyl groups on the aromatic rings of resorcarenes 
makes them highly activated for electrophilic aromatic substitution reactions. This 
makes it easy to functionalize the upper rim of resorcarenes. This can be achieved 
by either attaching a functional group to the phenolic oxygen atoms or the position 
between the two hydroxyl groups (Fig. 1.20). A possible functionalisation is that 
involving the change of the aldehyde (lower rim) used in the condensation reaction
<—-----  —  Upper rim
a  —  Lower rim
Fig. 1.20. Schematic drawing showing the main positions for the 
functionalisation of the calix[4] resorcarene.
The eight hydroxyl groups of resorcarenes in the ‘upper rim’ are functional groups 
in their own right and these provide sites of attachment for other groups. Structures 
with CH3, COCH3, COC2H5, CHzCOCHzCOOMe and CHzCOCHzCONEtz 
attached to the phenolic oxygens have been reported77. In addition to the hydroxyl 
groups, the ortho position to the hydroxyl groups of the resorcinol unit is a 
potential site for chemical modification of resorcarenes. Several reactions of such 
substitution have been reported in the literature107 (Scheme 1.4).
Bromination82'84 of la  with 7V-bromosuccinimide (NBS) at room temperature gives 
the tetra-bromide 3 in 80 % yields. The reaction takes place exclusively at the four 
positions in between the hydroxyl groups.
R = Me-COEt 
2 X = CHzCHhPh
R
a X = Me 
b X = G, 1H23 
c X -  CgHg 
d X = i-Bu
R
-RR —0
X X
3 R=Br
4 R = p-NiCef^SOsNa
5 R
^ 7
6 R  =  COOH
Scheme 1.4 Functionalisation of calix[4] resorcarenes through the hydroxyl 
groups and at the ortho positions.
In Scheme 1.4 diazo-coupling of la  with 4 equivalents of ^-sulfbnatebenzene- 
diazonium affords the tetra-diazo compound, 4, in 29 % yield. It has been found
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that this compound is water soluble and has a large cavity able to complex 
hydrophobic molecules such as pyrene and coronene. Several aminomethylated 
resorcarenes have been synthesized via the Mannich reaction involving la, 
formaldehyde and an amine87,84. This reaction can also be performed with amines 
carrying functional groups in their side chains to give compounds88, such as 5 and 
6 shown in Scheme 1.4.
1.4.6 Formation of hexameric and dimeric resorcarene capsules
MacGillivray and Atwood89 reported the formation of an impressive spherical 
hexamer composed of six calix[4]resorcarene subunits and eight water molecules 
in the solid state (Fig. 1.21) Although X-ray analysis data indicated that guest 
molecules were present, their identity could not be determined. Shortly thereafter, 
Mattay and co workers90 reported the formation of a similar, slightly larger 
hexameric capsule formed from hydroxyresorcarene units. Encapsulation o f ten  
acetonitrile molecules was observed in the crystal structure. Although the 
calix[4]resorcarene was reported to be quite stable, the hydroxyresorcarene 
hexameric capsule appears to be more fragile as additional attempts to isolate the 
hydroxyresorcarene hexamer failed.
Fig. 1.21. Spherical hydrogen-bonded assembly of calix[4]]resorcarene units.
91Earlier in 1992 Kikuchi and coworkers reported the formation of a 2:1 (ligand : 
guest) complex between calix[4]resorcarene and methyl (3-glucopyranoside (A) in 
CDC13. Analysis of the interaction between the same resorcarene cyclic tetramer 
and octyl glucoside (B) revealed the formation of a 1:4 (host: guest) complex. The 
difference in the stoichiometry for the assemblies was attributed to the solubility of 
the two glycosides in chloroform. While A is readily soluble in chloroform, B only 
solubilises upon encapsulation and Fig. 1.22 shows encapsulation of the glycoside 
molecule by resorcarene.
OH
UEST
B R=CcH8-ni7
R'» C^ Has,
R - C 11H23
Fig. 1.22. A dimer of resorcarene with an,entrapped alkyl glucoside guest
More recently, the crystal structures of a variety of dimeric capsules with 
entrapped cations have been reported92'94 and cation-71; interactions between the 
guests and the resorcarene hosts are expected to play an important role in capsule 
formation. In addition to the dimeric capsules described above, similar assemblies 
have been generated using resorcarene-based cavitands. A dimeric assembly is also 
formed by the pyrazinedicarboximide-bridged cavitand, (Fig. 1.23) C. The 
cylindrical dimeric capsule held together by eight bifurcated hydrogen bonds, D,
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can encapsulate a variety of guests. Kobayashi and coworkers95 reported the 
formation of a hydrogen-bonded heterodimeric capsule, E, assembled by a 
tetracarboxyl-cavitand and a tetra (3-pyridyl)-cavitand in which one molecule of 
an appropriate 1,4-disubstituted-benzene guest is encapsulated.
C D E
Fig. 1.23. Resorcarene dimers
1.4.7 Complexation of calix[4]resorcarenes with polar organic molecules
The presence of eight hydroxyl group at the upper rim of resorcarenes makes these 
macrocycles suitable for complexation with organic molecules that contain polar 
substituents. In 1993 Aoyama96 was the first to recognize this feature and as a 
result of his studies, resorcarenes were awarded “Reagent o f the Year” in 1993 by 
Fluka. Resorcarenes having long alkyl chain in the bridge, lb  (Scheme 1.4) are 
readily soluble in apolar organic media such as CHC13 and CC14. A complex of 1:4 
(ligand:guest) stoichiometry was found in CHC13 with both glycerol and water. In 
this complex, each pair of hydroxyl groups forms a binding site and four such 
binding sites interact independently with small polar guests97,98. Complexation 
studies show that the interaction between an aliphatic moiety (in the guest) and 
electron-rich aromatic rings in the host (CH-tt interaction) contributes up to 5.8 kJ 
m of1 to the overall Gibbs energy of binding99. Evidence for this interaction was 
found by H NMR spectroscopy and the study showed upfield shifts for a terminal 
methyl group of the guest, indicating a deep penetration of this group into the
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aromatic cavity. CH-tt interactions gradually increase with an increase in the chain 
length or branching of the aliphatic moiety.
Host (calix[4]resorcarene.4H20 ) complexes methyl and n-octyl glucopyranosides 
via hydrogen bonding in apolar media. In the case of the methyl derivative in 
CHCI3, a 2:1 (host: guest) sugar-encapsulation complex was found. On the other 
hand, the octyl glucoside is bound to give a 1:4 stoichiometry (host: guest) 
complex. Dicarboxylic acids also form complexes with _resorcarene.4H20  in 
CDCI3 via two hydrogen bonding interactions100. Kobayashi101 and co-workers 
studied the complexation of amino acids in water; and reported that only the more 
hydrophobic amino acids carrying aliphatic or aromatic side chains show 
interaction. Danil de Namor and co workers102 reported complex formation of 
resorcarenes with triethylamine in chloroform and benzonitrile using 
conductometry at 298.15 K. This was confirmed by UV spectrophotometry and the 
stoichiometry was established to be 1:3 (aminedigand ratio).
R= cryptand 222 
Fig. 1.24 Resorcarene functionalised With cryptand
Resorcarenes la  and 1c (Scheme 1.4) form 1:1 complexes with caffeine in 
methanol containing 1% of water. This interaction takes place via hydrogen bond 
formation between the carbonyl oxygen of caffeine103 and the phenolic hydroxyl 
group of the resorcarenes. Matsushita and Matsui104 reported the aminomethylation 
of resorcarene at the ortho position with respect to the hydroxyl groups. This was 
achieved by Mannich reaction with formaldehyde and the amine in an alcoholic 
solution. Konishi and co-workers105 also reported the functionalisation of 
resorcarene at the ortho position with thiols and formaldehyde in the presence of 
triethylamine.
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1.4.8 Complexation of calix[4]resorcarenes with cations
There is a wide variety of macrocyclic ligands able to interact with cations, anions 
and neutral species. Danil de Namor106 reported that the solution thermodynamics 
of macrocycles such" as calixarenes and their derivatives must be characterized in 
different solvents in order to enhance the understanding of the medium effect upon 
complexation. The procedures used to synthesize functionalized macrocycles are 
established, but the design of calixarene-based receptors that can interact 
selectively with a given guest is still a challenging area of research. For 
calix[4]arenes, the coordination chemistry with metal cations has progressed 
significantly in the last decade, but that of the complexation of 
calix[4]resorcarenes with metal cations is still progressing. Calix[4]resorcarene are 
highly soluble in aqueous basic solutions due to the deprotonation of the phenolic 
hydroxyl groups. Danil de Namor and co-workers107,108reported the versatile 
behaviour of ethylthiomethyl calix[4]resorcarene and its interaction with heavy 
metals.
OHho.
Fig. 1.25 Ethylthiomethyl calix[4] resorcarene
This group in their work also reported that calix[4]resorcarene with sulphur and 
nitrogen functional groups are able to interact with heavy and soft metal cations. 
These authors have also shown that other macrocycles such as calixarenes and 
calixpyrroles when functionalised with sulphur or nitrogen also interact with heavy 
and soft metal cations50’107’108.
1.4.9 Solubilities of Resorcarenes
In as much as a considerable amount of work has been performed with regards to 
resorcarenes and their derivatives there is no quantitative information on their 
solubilities. Danil de Namor and co-workers107 have reported solubility data and
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standard Gibbs energies of solution, ASG° of ethylthiomethyl calix[4]resorcarene in 
different solvents at 298.15 K. Taking hexane as the reference solvent, the standard 
transfer Gibbs energies AtG° were calculated. The AtG° values provide information 
regarding the differences in solvation of the resorcarene macrocycle molecule in 
one solvent relative to another.
Table 1.3 Solubilities, derived standard Gibbs energies of solution of 
ethylthiomethyl calix[4]resorcarene in various solvents on the molar 
scale at 298.15 K1"7
solvent3 solubility (mol dm"3) AsG°(kJmori) AtG0(Hex—>a) (kJ mol1)
Hex 9.51 x 10"3 22.95 0
MeCN 8.56 xlO 3 11.80 -11.15
MeOH 3.20x1 O'3 14.20 -8.72
EtOH 1.81 x 10"2 9.94 -13.81
1-BuOH 1.40 x 10"2 10.58 -12.37
1-PrOH 6.79x1 O'3 12.37 -10.58
PC 3.50 x 10"2 8.31 -14.64
Butanone too soluble
#
THF too soluble
CH2CI2 too soluble
DMF too soluble
DMSO too soluble
a Abréviations used: acetonitrile (MeCN), methanol (MeOH), ethanol (EtOH), butanol (1-BuOH), propan-1-ol (1- 
PrOH), hexane (Hex), propylene carbonate (PC), tetrahydrofuran (THF), dichloromethane (DCM), N,N- 
dimethylformamide (DMF), Dimethylsulfoxide (DMSO).
1.4.10 Cavitands
Resorcarenes are also starting materials for the synthesis of ‘cavitands’ (Fig. 1.26). 
This name was given by Cram109 in 1982 to the class of synthetic organic 
compounds that contain an enforced concave cavity sufficiently large to 
accommodate other compounds or ions.
Fig. 1.26 Cavitand molecule
Cavitands are generated by covalently linking neighbouring hydroxyl groups in the 
corresponding resorcarene. The resulting rigid, bowl-shaped synthetic compounds 
form inclusion complexes with a variety of solvents including acetonitrile and 
chloroform110. During the process of linking the cavitand’s bonds, small organic 
molecules can be trapped inside. Once encapsulated, the guest molecules can only 
be freed by breaking the bonds. Cavitands are attractive because the rims of the 
bowls can be varied by i) different substituent at the ortho position and different 
bridging groups for shaping the bowl cavity; ii) manipulating the solubility of the 
cavitands; in) introducing potentially cooperating functional groups to act as 
catalysts. The first synthesis was carried out using la  (Scheme 1.4) as the starting 
material with excess amounts of CH2BrCl and a base. Compared to parent 
resorcarenes, cavitands are extremely rigid molecules, they adopt a crown-like 
conformation in the solid state and only slight deviations were observed in 
solution. Compared to methylene-bridged cavitands, ethylene and propylene- 
bridged cavitands are more flexible and adopt a boat-like conformation in the solid
40
state. Other chelating agents to be discussed in this thesis are the adamantanes. 
Therefore a brief discussion of this ligand is now given.
1.5 Adam antanes
111Adamantane is the name given by IUPAC to the hydrocarbon tricycle [3,3,1,1] 
decane derivative112.
Adamantane is a colourless crystalline powder that smells like camphor. It is a 
cycloalkane with the formula Cio Hi6, Adamantane can be found in petroleum and 
was first isolated in 1933113.The first synthesis of adamantane was carried out by 
Prelog in 1941. A more convenient method was found by Schleyer in 1957 using 
rearrangement reactions114. Adamantanes melt at 270° C and in atmospheric 
pressure it sublimes before boiling. It is slightly soluble in water and has a density 
of 1.07 g per cm3. Adamantane is very stable. It can be used in polymers to give 
special properties and it can also be used in the pharmaceutical industry127.
Adamantane derivatives115' 118 have found applications in Medicine to the extent 
that hundreds of papers have been written on the use of amantadine and 
amantadone as antiviral agents for some types of influenza119"123 In fact, the 
National Advisory Committee on Immunisation has recommended the 
prophylactic use of amantadine against influenza for the 2005-2006 period except 
in Canada due to the increase rate of resistance to this drug among influenza A 
viruses from tests carried out in that season124. Other applications are those 
involving the use of adamantanes to fight soman poisoning in mice125 . 
Adamantane activity can also be used as an anti-Parkinson and anti-spastic 
molecule126.
Among adamantanes, those with nitrogen atoms in bridgehead junctions have
■I
received a great deal of attention . The synthetic procedures for their preparation, 
chemical, physical and spectroscopic properties have been discussed129. It has been 
claimed that some derivatives can be used as a solid rocket fuel or as a hybrid
rocket fuel when in hydrocarbon solutions, polymer stabilizers, modifying agents 
for rubbers, additives to fuel-lubricating materials, corrosion inhibitors, and 
regeneration of ion exchangers when complexed with metal cation salts. 
Adamantanes with nitrogen atoms in the bridgehead were prepared in 1967128 and 
the synthetic procedure was modified subsequently by several workers128,132. The 
adamantanes with nitrogen atoms in the bridgehead positions constitute a special 
branch of the chemistry of hetero adamantane. They include (i) 1-azaadamantane 
(ii), 1,3-diazaadamantane (iii) and 1,3,5-triazaadamantane (iv) hexamethylene 
tetramine or 1, 3,5,7-tetraazaadamantane (Fig. 1.27).
The different aza adamantanes have some common properties such as high melting 
points, volatility and thermodynamic stability. Because they contain nitrogen 
atoms they have common basicity and high solubility in water. These are able to 
enter into complex formation with metal cations.
N
UV N
N
N
in IV
Fig. 1.27 Azaadamantanes
The azaadamantanes also have significant chemical differences. The different aza 
adamantanes are synthesized by different methods129. The method of synthesis of 
azaadamantanes leads to the formation of derivatives with functional groups. The 
functional groups can now serve as intermediates in the synthesis of other aza 
derivatives.
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The 7-nitro l,3 , 5-triazaadamantane can be reduced to other derivatives such as the 
7-amino- 1,3,5-triazaadamantane with lithium tetra hydroaluminate and hydrogen 
in the presence of nickel, cobalt, rhodium, iron or tin in acid medium.
Ni, water Mhrs
+ H4N2xH20  +(CH3)2CH0H
7-nitro-l,3-5-triazaadamantane Hydrazine hydrate Isopropanol 7 -amino-1,3,5-triazaadamantane
Scheme 1.5 Synthesis of 7-amino-l,3,5-triazaadamantane.
The most convenient method involves reduction with hydrazine hydrate at 
atmospheric pressure in the presence of nickel catalyst at 50°C (Scheme 1.5). 
Amino triazaadamantane has been used as an intermediate in the synthesis of a 
large number o f triaza derivatives. The amino-triazaadamantane reacts with 
aromatic and aliphatic aldehydes to form azamethines. Reduction of 7-nitro-l, 3, 
5-triazaadamantane with hydrazine hydrate in the presence o f Raney nickdl 
produces 7-hydroxy amino and 7-amino 1,3,5-triazaadamantane. From 7-amino 
1,3,5-triazaadamantane, 7-chloro, 7-bromo and 7-thiocy anato-1,3,5-
lOQ 1Qa
triazaadamantane can be synthesized . Ahn and co workers reported that 
1,3,5,7-tetraazaadamantane can react with bromo methyl cavitand in chloroform to 
give a water soluble complex. The 1-amino adamantane has been complexed with 
the cavitand in the ortho position by Rensio and co workers.131
The synthetic processes for 7-nitro-l,3,5-triazaadamantane is presented below in 
Scheme 1.6.
CH3N 02 +  CI-LCCLNH CH00
EtOH / 78°C N \  N
2
Nitromethane Ammonium acetate 7-nitro-1,3,5-triazaadamantane
Scheme 1.6 Synthesis of 7-nitro-l,3,5-triazaadamantane
i) A mixture of nitromethane (15g, 0.25 mole), ^^-fo rm aldehyde  (50g), 
ammonium acetate (58g) and ethanol ( -1 0 0  cm3) was stirred and 
refluxed for 4 hours. The reaction was cooled and the precipitate was 
collected by filtration. The product was washed with a small amount of 
ethanol and dried. It was then recrystallised with ethanol or a mixture of 
hexane and benzene128.
ii) Kuznetsov et a l 130 also provided a scheme involving the condensation
of nitromethane with hexamethylenetetramine in the presence of acetic 
acid to give 7-nitro-l,3,5-triazaadamantane.
A mixture o f ammonium acetate (11.6g), nitromethane (3g) and para 
formaldehyde (5.6g) in ethanol (25ml) was refluxed with continuous stirring 
for 1 hour, after which a further amount of para  formaldehyde (2 .2g) was 
added. The mixture was refluxed and stirred for another hour before a final 
. amount of para  formaldehyde (2.2g) was added. Refluxing with continuous 
stirring was performed for 6 hours. After cooling and filtration, the pale yellow 
product was recrytallised from water and ethanol mixture (40 : 60 ) to give 
white crystalline product which sublimed over the range of 300 -  330° C.
It can be said that azaadamantanes are thermally stable and have the capacity to 
form complexes with various metal cation salts. They are used as additives in fuel
iii) Lewis132, in his thesis used the following process.
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lubricating materials, corrosion inhibitors, and high temperature oil thickening 
agents as emulsifying agents and also for the regeneration of ion-exchange resins. 
Azaadamantanes can be used as catalysts in the purification of gas for the removal 
of sulphur.
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Aims o f the w ork
Following the introduction of this thesis and a description of the work so far 
carried out and taking into account that,
i) As far as calix[4]arene derivatives, the complexing ability of p-tert- 
butylcalix[4]arene tertraphenyl ketone (L J has been only investigated 
for the sodium cation in acetonitrile. This is an interesting macrocycle 
given that the presence of the aromatic ring in the pendant arm may lead 
to easy polymerization through a condensation reaction with 
formaldehyde in formic acid.
ii) Functionalised calix[4]arenes have proved to be efficient complexing 
agents for heavy metal cations when nitrogen and sulphur atoms were 
present in the pendant arms and considering that resorcarenes may offer 
a greater potential as building blocks for the incoiporation of their donor 
atoms in their pendant arms,
iii) The presence of nitrogen atoms in adamantanes makes these ligands 
attractive for exploring their complexation with heavy metal cations.
The aims of this thesis are
i) To further explore the scope of /?-fer/-butylcalix[4] arene tetraphenyl
t
ketone (L I) for hosting univalent and bivalent cations in dipolar aprotic 
medium.
ii) To synthesize, characterise and assess the complexation properties of
resorcarenes (L3, L4) containing functional groups analogous to those 
previously reported for calix[4]arene derivatives. (NB L2 was used as 
a starting material for L3 and L4 synthesis.
iii) To investigate the ability of azaadamantane (L5) to complex heavy
metal cations with a view of incorporating this ligand as a pendant 
arms in the structure of calixarenes or calixpyrroles.
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In achieving these goals the following techniques will be explored.
i) H NMR spectroscopy with the objectives of
a) Assessing the solvent effect on the receptor or chelating agent
b) Investigating the cation complexing abilities o f these ligands.
ii) Conductometric studies to determine the composition of the 
complexes.
iii) X ray crystallography when suitable crystals are available.
iv) Calorimetry and potentiometry for the thermodynamic, characterisation 
of metal-ion complexes.
5,ll,17,23-tetra-ter/-butyl-25,26,27,28-tetra(benzoyI)methoxycalix[4]arene
(LI)
HO. OH
Calix[4] resorcarene (L2)
5,11,17,23-diethylamine calix[4]resorcarene (L3)
4,6,10,12,16,18,22,24-diethylthiophosphate-calix[4]resorcarene (L4).
NO
1
7-nitro-l,3,5-triazaadamantane (L5)
A schematic representation of the research strategy is presented in Scheme 1.7.
Calix[4]arene derivative
Synthesis o f the Ligands
Resorcarene
derivatives
7-nitro-l,3,5- 
triaza
adamantane
Characterisation
NMR,
Elemental
analysis.
X-ray
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studies
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Scheme 1.7 Schematic strategies to be followed in this thesis
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2 Experimental Part
Table 2.1 Chemicals used, chemical formulae, purity and source
Chemical Chemical
Formulae
Purity Company
Hydrochloric acid HC1 37 % Laboratory 
Reagent Grade
Fisher UK
Scientific
International
Ammonium acetate CH3CO2NH4 Laboratory 
Reagent Grade
Aldrich Chemical 
Company
Magnesium sulphate 
anhydrous
MgS04 Laboratory 
Reagent Grade
Fisher UK
Scientific
International
Potassium carbonate 
anhydrous
K2CO3 Labotatory 
Reagent Grade
Fisher UK
Scientific
International
Potassium Iodide KI Laboratory
reagent Grade 
' <
Fisher UK
Scientific
International
/?-tert-Butyl-calix[4] arene C44H56O4 95% Aldrich Chemical 
Company
18-Crown-6 (18-C-6) C12H24O6 99% Aldrich Chemical 
Company
2-Chloroacetophenone CgHyCIO 97% Aldrich Chemical 
Company
^-Formaldehyde CH20 95% Aldrich Chemical 
Company
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Tris(hydroxyamino)methane
(TEAM)
(CH20H)3CNH2 99% Fluka
Resorcinol CgHgO] 97% Aldrich Chemical 
Company
Acetaldehyde C2H4O 99% Aldrich Chemical 
Company
Triethylamine c 6h 15n 99% Aldrich Chemical 
Company
Diethylamine C4H11N 99 % Aldrich Chemical 
Company
Diethyl chlorothiophosphate C4H10C1O2PS 99% Aldrich Chemical 
Company
Lithium perchlorate LiClO^nHzO Analytical grade Aldrich Chemical 
Company
Sodium perchlorate NaC1 0 4 .H20 Analytical grade Aldrich Chemical 
Company
Potassium perchlorate KCIO4 .11H2O Analytical grade Aldrich Chemical 
Company
Rubidium perchlorate
f
RbC1 0 4 .nH2 0 Analytical grade Aldrich Chemical 
Company
Caesium perchlorate CsC1 0 4 .nH20 Analytical grade Aldrich Chemical 
Company
Magnesium perchlorate Mg(C104)2.2H20 Analytical grade Aldrich Chemical 
Company
Calcium perchlorate Ca(C1 0 4 )2 .4 H2 0 Analytical grade Aldrich Chemical 
Company
Strontium perchlorate Sr(C1 0 4 )2 .2 H2 0 Analytical grade Aldrich Chemical 
Company
Barium perchlorate Ba(C1 0 4 )2 .nH20 Analytical grade Aldrich Chemical 
Company
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Lead perchlorate Pb(C104)2.nH20 Analytical grade Aldrich Chemical 
Company
Copper perchlorate Cu(C1 0 4 )2.6 H2 0 Analytical grade Aldrich Chemical 
Company
Zinc perchlorate Zn(C1 0 4 )2 .6 H2 0 Analytical grade Aldrich Chemical 
Company
Cadmium perchlorate Cd(C104)2.H20 Analytical grade Aldrich Chemical 
Company
Mercury (II) perchlorate Hg(C104)2.H20 Analytical grade Aldrich Chemical 
Company
Silver perchlorate AgC104.H20 Analytical grade Aldrich Chemical 
Company
T etra-n-butylammonium 
perchlorate (TBAP).
(C4H9)4NC104 Analytical grade Aldrich Chemical 
Company
Metal ion perchlorate salts for NMR, conductometric and calorimetric studies 
were dried over P4O10 for at least two weeks to ensure the dryness of these salts 
(verified by ]H NMR).
The tris [hydroxy] - aminomethane, THAM, was purified by recrystallizing it from 
a water/methanol mixture. The solution was refluxed and left to cool at room 
temperature. The crystals formed were filtered off, dried for one day and stored in 
a vacuum desiccator over calcium chloride for one week before use.
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Table 2.2 Solvents, abbreviation used, form ulae, purity and sources
Solvent Formulae Purity Company
Acetone CH3COCH3 Laboratory Reagent 
Grade
Fisher UK Scientific 
International
Acetonitrile (MeCN) CH3CN Analytical Grade, 
HPLC
Fisher UK Scientific 
International
Chloroform (CHClg) CHCI3 Laboratory Reagent 
Grade
Fisher UK Scientific 
International
Dichloromethane
(DCM)
CH2CI2 Analytical Grade, 
HPLC
Fisher UK Scientific 
International
Ethanol (EtOH) CH3CH2OH Laboratory Reagent 
Grade
Fisher UK Scientific 
International
Methanol (MeOH) CH3OH Analytical Grade, 
HPLC
Fisher UK Scientific 
International
Dimethylsulfoxide
(DMSO)
(CHakSO Analytical Grade Aldrich Chemical 
Company
Deuterated chloroform CDCI3 Analytical Grade Aldrich Chemical 
Company
Deuterated methanol CD3OD Analytical Grade Aldrich Chemical 
Company
Deuterated acetonitrile CD3CN Analytical Grade Aldrich Chemical 
Company
T etramethylsilane Si(CH3)4 Analytical Grade Aldrich Chemical 
Company
*
Purification of Solvents: Acetonitrile and dimethylsulfoxide were dried by 
" refluxing over calcium hydride in a round-bottomed flask equipped with a 
condenser under a nitrogen atmosphere for several hours and then distilled before
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2.1 Preparation o f 5,11,17,23-tetra-fgr/-butyl-25,26,27,28-
tetra(benzoyl)m ethoxycalix[4]arene, L I .
In a three neck-bottom flask (500 cm3), 2-chloroacetophenone, (11.60 g; 75 mmol) 
and 18-crown-6, (0.50 g) were stirred in acetonitrile with a calcium chloride tube 
and refluxing condenser for 10 minutes. Potassium iodide (12.50 g; 75 mmol) was 
added to the mixture with vigorous stirring and the temperature set to 70°C for one 
hour. A yellow-brown suspension was observed. The synthetic procedures for the 
preparation of 2-iodoacetophenone and 5,11,17,23-tetra-ferf-butyl-25,26,27,28- 
tetra(benzoyl)methoxycalix[4] arene are shown in Schemes 2.1 and 2.2 
respectively.
o /  / r - A  0 .
CICHo -----  70°C ICH'
KCI
2-Chloroacetophenone 2-lodoacetophenone
Scheme 2.1 Synthetic procedure for the preparation of 2-iodoacetophenone
OH
p-fe/f-Butylcalix[4]arene
4 ICHh o
60oC, MeCN
8
Phenyl iodo-ketone 5,11,17,23-tetra-fed-butyl-25,26,27,28 
-tetra(benzoyl)methoxycalix[4]arene
Scheme 2.2 Synthetic procedure for the preparation of 5,11,17,23-tetra-fer/- 
butyl-25,26,27,28-tetra(benzoyI)methoxycalix[4]arene, LI
54
Chapter 2 Experimental part
The reaction flask was removed from the hot oil and allowed to cool down to room 
temperature. The sample was tested by TLC using a DCM : MeOH (9:1) mixture 
as the developing solvent system. Then, p-tezt-butylcalix[4]arene (6 g, 9.2 mmol) 
and 18-crown-6 (0.50 g) were added to the reaction flask and stirring was 
continued for 10 minutes. Potassium carbonate (12  g, 87 mmol) was finally added 
with vigorous stirring. The reaction was heated under reflux at 60°C for four hours 
and monitored by TLC using a hexane: ethyl acetate (8:2) mixture. The vessel was 
then cooled down to room temperature and the product was rota-evaporated to 
extract the solvent. The solid compound obtained was dissolved in chloroform and 
extracted with an aqueous solution of HC1 (0.2 mol dm"3). The organic layer was 
collected and dried with MgSCL. The solvent was removed and a brown oil was 
obtained. Methanol (50 ml) was added to the round bottom flask containing the oil 
and the flask was placed in the ultrasonic bath until a precipitate appeared. The 
precipitate was filtered and recrystallised from MeCN:DCM (20:80) mixture. 
White crystals were obtained with a yield of 2.50g (2.23 mmol, 24%) 
Microanalysis and NMR spectroscopy were used to confirm that the expected 
compound was obtained.
NMR in CDC13 (300 MHz) 8 (ppm) 1.109, H -l, (s, fe/t-butyl); 6.840, H-2 (s, 
aromatic); 3.265, H-3 (d, equatorial); 5.13, H-4 (d, axial); 5.692, H-5 (s, 
OCH2CO); 7.455, H-8 (t ,  ^ -phenyl); 7.920, H-6 (d, (o-phenyl); 7.319, H-7 (t, 772- 
phenyl)
Microanalysis was carried out at the University of Surrey (Calculated % C, 81.4 
and H, 7.19; Found % C, 81.21 and H, 7.165)
Resorcarene was synthesised before the pendant arms were attached and this is 
presented in the next Section.
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Preparation of calix[4] resorcarene (L2)
To a three neck round bottom flask equipped with a stirrer and a calcium chloride 
tube was added resorcinol (34 g, 0.31 mmol) in ethanol (60 ml) and water (60 
ml).This was followed by careful addition of concentrated HC1. The solution was 
cooled to 0°C, and acetaldehyde (13.71 g, 0.31 mmol) was added. The mixture was 
then stirred at 75 °C for 16 hours and allowed to cool to room temperature. The 
product was collected by filtration and washed with cold ethanol and water 
(50:50). It was then recrystallised from acetonitrile to give calix[4]resorcarene 
(18g, 2.85 mmol, 90% yield). The crystals furnished were dried in a pistol dryer 
under high vacuum at 80°C. Microanalysis and !H NMR spectroscopy were used 
to confirm that the expected compound was obtained. The synthetic procedure is 
shown in Scheme 2.3.
A, HO.HCI .ethanol OH
H
Acetaldehyde Calix[4]resorcareneResorcinol
Scheme 2.3 Synthetic procedure for calix[4]resorcarene (L2). '
‘H NMR in d6-DMSO (300 MHz) 5 (ppm), 8.52 (s, 2H, H-l); 6.77 (s, 1H, H-3); 
6.14 (s, 1H, H-2); 4.45 (q, 1H, H-4); 1.301 (d, 3H, H-5)
Micoanalysis was carried out at the University of Surrey (Calculated % C, 70.58 
and H, 5.92: Found % C, 70.68 and H, 6.0).
2.2 Preparation o f 5,11,17,23 diethylamine calix[4]resorcarene, L3.
Resorcarene, (5g, 9 mmol), ethanol (100 cm3) and chloroform (100 cm3) were 
placed into a 3 neck round bottom flask (capacity 500 ml) with nitrogen bubbled
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into the solution. The reaction was stirred for 10 minutes, then triethylamine (7.7
minutes. Finally formaldehyde (4 cm3, 90 mmol) was added. The temperature was 
set to 60°C and the reaction was monitored by TLC using chloroform: methanol 
(9:1) solvent mixture. After about 8 hours the reaction was stoppped, allowed to 
cool down and rota-evaporated to remove the solvents. The brown oil liquid 
produced was dissolved in methanol. A brown powder was obtained which was 
filtered and recrystallised with chloroform and the yield was 1.80 g (2.03 mmol, 
22.56%) Microanalysis, NMR spectroscopy and X ray crystallography were 
used to confirm the compound.
The synthesis o f diethylamine resorcarene is shown in Scheme 2.4.
:
Scheme 2.4 Synthetic procedure for the preparation of 5,11,17,23 
diethylamine calix[4] resorcarene (L3).
'H  NMN in CDCls (300 MHz), 8 (ppm) 7.26 (s, 2H Ar, H-l); 5 4.57 (q, 1H, H-2), 
; 1.73 (d, 3H, H-3), ; 3.82 (s, 1H, H-4), ; 2.61 (q, 2H, H-5); 1.13 (t, 3H, H-6);
10.15 broad band for OH.
Microanalysis was carried out at University of Surrey, (Calculated % C, 70.56; H, 
8.65 and N, 6.33: Found %; C, 70.42; H,8.84 andN, 6.20).
cm3 55 mmol) was added and the stirring was continued for 5 minutes. 
Diethylamine (7.4 cm , 73 mmol) was added and stirring continued for another 10
HO OH
+
NH
U _
r ~
EtOH, CHOI.
'CH2 °  /  60°C
3
Calix[4]resorcarene Diethylamine
5,11,17,23-Diethylamine calix[4]resorcarene
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2.3 Preparation o f 4,6,8,10,12,16,18,22,24 diethyl thiophosphate 
calix[4] resorcarene, L4.
The synthetic procedure for the preparation of 4,6,8,10,12,16,18,22,24-diethyl 
thiophosphate calix[4]arene, L4 is shown in Scheme 2.5.
In a three-necked round-bottomed (250 ml) flask, resorcarene (2 g. 3.73 mmol), 
potassium carbonate (8.29 g, 60 mmol), and 18-crown-6 (0.8g, 3.0 mmol) were 
suspended in dry acetonitrile and stirred for one hour under a nitrogen atmosphere. 
Then diethyl chlorothiophosphate (9.2ml, 59 mmol) was added drop-wise with 
continuous stirring. The reaction was refluxed at 80°C overnight and then rota- 
evaporated. The product was extracted with dichloromethane and rota-evaporated 
a second time to get a brown oil. The oil was triturated with methanol to obtain a 
white powder. Finally it was recrystallised in dichloromethane to give white 
crystals.
The product obtained 1.4g (0.90 mmol, 24.1% yield) was characterized by lR  
NMR spectroscopy, microanalysis and X-ray crystallography.
o -p -o 18-C-6, k2c o 3
MeCN, 80°C
Resorcarene Diethylchloro thiophosphate 4,6,10,12,16,18,22,24 Diethyl thiophosphate 
calix[4]resorcarene
Scheme 2.5 Synthesis of 4,6,10,12,16,18,22,24 diethyl thiophosphate 
calix[4] resorcarene (L4)
'H  NMR in CD3CN (300 MHz) 5 (ppm) 7.530 (s, 2H Ar, H -l); 7.029
(s, 2H Ar, H - l1); 5.991, (s, 2H, A rH -2); 4.689, (q, 1H H-3); 1.553,
(d, 3H, H-4); 1.430 (t, 2H H-5), 1.360, (t, 2H H-51); 4.354, (q, 3H, H-6);
4.074, (q, 3H, H-61).
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Microanalysis was carried out at the University of Surrey; (Calculated % C, 43.63, 
H, 5.95; Found %, C, 43.51, H, 6.13).
2.4 Preparation o f 7-nitro-l,3,5-triazaadam antane (L5).
The synthetic procedure used for the preparation of 7-nitro-1,3,5- 
triazaadamantane128 is shown in Scheme 2.6.
To a three neck round bottom flask containing a magnetic stirrer, nitromethane
(15 g), ^-formaldehyde (50 g), ammonium acetate (58 g, 0.752mmol) and ethanol 
(100 ml) adamantane as shown in Scheme 2.6 was added. The mixture was 
refluxed at 78° C for 4 hours. The reaction flask was allowed to cool down and the 
precipitate was collected by filtration. It was then washed with a small amount of 
cold ethanol. The precipitate was recrystallised in an ethanol: methanol (50:50) 
mixture. The crystals were dried overnight at 90°C in a piston dryer. The yield of 
the pure sample was about 10g (0.543 mmol, 72% yield)128. Microanalysis and ^  
NMR spectroscopy were used to confirm the compound.
NO,
CH3N 02 +  c h 3c o 2n h 4 CH2°
EtOH / 78°C
,
Nitromethane Ammonium acetate 7-Nitro-1,3,5-triaza Adamantane
Scheme 2.6 Synthetic procedure for the preparation of 7-nitro-1, 3, 5- 
triazaadamantane, L5.
NMR in CDC13 (300 MHz) 5 (ppm) 4.41 (d, 2H, H -l), 4.05 (d, 2H, H-2) and 
3.778 (s, 2H, H-3).
Microanalysis was carried out at the University of Surrey; (Calculated % C, 45.65, 
H, 6.57 and N, 30.42); Found %, C, 45.81, H, 6.77 and N, 30.41).
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2.5 Characterisation of synthesized products and techniques used.
X-Ray Crystallography
Molecular structures o f 5,11,17,23-diethyl amine calix[4]resorcarene-tetrol (L3),
4,6,10,12,16,18,22,24-diethyl thiophosphate calix[4]resorcarene tetrol (L4), and 
the silver (I) and mercury (II) complexes of 7-nitro-1,3,5-triazaadamantane (L5) 
were determined by X-ray diffraction at the Universidade de Sâo Paulo, Brazil by 
Prof. Eduardo E. Castellano and at Universidad Nacional de La Plata, Argentina by 
Dr Oscar Piro. Crystal data, data collection procedure, structure determination 
methods are summarized in Appendices B and C.
2.6 Solubility M easurements
Solubility measurements were performed for the ligands in different solvents at
298.15 K in order to select the solvent for complexation studies and to assess the 
solvation of the ligands in the various solvents. Solubility data are referred to the 
process shown in eq. 2.1
L - Zx -A c  eq. 2.1
t In eq. 2.1, L(soi) and L(s) are the notations used to indicate the ligand in the solid and 
solution states respectively. There is essentially an equilibrium between the ligand 
in a solid state and its saturated solution.
From solubility data, the standard Gibbs energy of solution, ASG° of the ligand in a 
given solvent was calculated from eq 2.2
As G° = -RT In [L] eq. 2.2
In equation 2.2, [L] is the solubility o f the ligand on the molar scale referred to the 
standard state of 1 mol dm'3, R is the gas constant (8.31 J mol"1 K"1) and T is the 
temperature in Kelvin. Given that L is a neutral ligand, it is assumed that the 
activity coefficient, yL = 1 and therefore aL = [Z]
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Procedure; Saturated solutions were obtained by adding an excess amount of the 
ligand to the following solvents: acetonitrile, (MeCN), water, (H20),
tetrahydrofuran, (THF), ethanol, (EtOH), methanol, (MeOH), dichloromethane, 
(DCM), toluene, (Toi.), dimethylsulfoxide, (DMSO) and N,N- dimethylformamide, 
(DMF). These mixtures were left for several days in a thermostat bath at 298.15 ± 
0.02 K until equilibrium was attained35. The solid was separated from the saturated 
solution by filtration. Accurate volumes of the saturated solution were taken and 
these were placed in different porcelain crucibles. The crucibles were initially 
washed, dried, weighed and labelled. The solvents were evaporated until the 
weight of the crucible containing the solid become constant. Blank experiments 
were carried out to ensure the absence of impurities. The gravimetric analysis was 
done in triplicate on the same saturated solution.
Solvate formation was checked by placing a known amount of the ligand on a 
watch glass for several days over the appropriate solvent placed at the bottom of a 
closed desiccator to ensure a saturated atmosphere of the solvent134,135.
2.7 Com plexation studies.
2.7.1 NMR interaction studies of LI, L3, L4 and L5 with metal cations in 
non-aqueous media. #
T l NMR measurements were performed by using a Bruker AC-300E pulsed 
Fourier transform NMR Spectrometer. The operating conditions for routine proton 
measurements involved a pulse or flip angle of 30°, spectral frequency (SF) of 
300.137 MHz, delay time of 1.60 s, acquisition time (AQ) of 1.819 s and line 
broadening of 0.55 Hz. The sample in the appropriate solvent (-0.5 cm ) was 
placed in 5 mm NMR tubes using TMS (tetramethylsilane) as the internal 
reference and the experimental temperature was 298 K.
Procedure; The ligand (depending on its molecular weight) was dissolved in the 
deuterated solvent (3 ml) to give solutions within the 3.0 x 10‘4 to 2.5 % 10'3 mol 
dm'3 concentration range and the !H NMR spectrum was obtained and analyzed.
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Then a solution of the metal cation salt (~1. 0x1 O'2 mol dm'3) in the appropriate 
solvent was added in excess to that of the ligand and the chemical shift changes
relative to those for the ligand were then calculated. TMS was used as the internal 
reference.
2.7.2 Conductometric Measurements of LI, L3, L4 and L5 with metal cations 
in non aqueous media.
Conductometric measurements were carried out to determine the stoichiometry of 
the complex formed between the ligand and the appropriate cation in the solvent of 
interest at 298.15 K.
Conductometric measurements are based on Ohm’s law which states that the 
current, I (amperes) in a conductor is directly proportional to the applied electric 
force E (volts) and inversely proportional to the resistance R (ohms) of the 
conductor.
The resistance of a homogenous sample material, 1, and cross sectional area, A, is 
given by:
In eq. 2.4, p  is a characteristic property of the material termed the resistivity and it 
is measured in Q cm,
The reciprocal o f the resistivity is the conductivity k ; the unit k  is given as S.cm'1,
I  = j
eq. 2.3
eq. 2.4
where S is the notation used for the reciprocal o f the resistivity p  (Siemens or Q '1). 
Therefore, eq. 2.5 can be written in terms of k.
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I  I
eq. 2.6
The conductivity of the solution under investigation is obtained using the pre­
determined value of the cell constant (0 =1/A) and the measured value of the 
resistance, R, of the same sample according to eq.2.7
R eq. 2.7
In eq. 2.7, the units of the cell constant are cm"1.
The molar conductance, Am, of an electrolyte is defined by equation 2.8
K = m O x K  eq. 2.8
In equation 2.8, c is the concentration of the solution in mol dm '3 .The units of Am 
are given in S.cm2 mol'1.
Apparatus
A Wayne-Kerr balance was used for conductometric measurements.
The Wayne-Kerr balance was connected to platinum glass bodied electrodes which 
are housed in a cylindrical glass vessel where the reaction takes place. The sample 
was injected into the vessel through a hypodermic syringe connected to a 
calibrated automatic burette. The conductance measurements are shown on the 
instrument automatically. Replacing a: in eq. 2.8 by its equivalent in eq. 2.7 gives 
eq. 2.9.
c R  eq. 2.9
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2.7.3 Determination of the cell constant
The cell constant, 0, of the conductivity cell was determined using the method 
described by Jones and Bradshaw136
In this method the conductometric cell containing deionized water (20 cm3) was 
kept in a thermostatic bath at 298.15 K for one hour, and then a solution of 
potassium chloride (0.1 mol dm'3) was titrated against the deionized water. 
Aliquots of 0.1 cm were added in 10 additions and the conductivity readings were 
calculated from the Lind, Zwolenik and Fuoss equation (eq. 2.10).
Am=149.43 -94.45c1/2 + 58.74.C loge + 198.4c eq. 2.10
2.7.4 Conductometric titrations of LI, L3, L4 and L5 with metal cations in 
non aqueous media at 298.15 K.
The aim of carrying out conductometric titrations of LI, L3, L4 and L5 with metal 
cations was to establish the composition of metal cation and anions complexes and 
also to have semi-quantitative information about the strength of the complexation 
of the ligand with the ion in a given medium. The titration was carried out in a 
conductivity cell filled with a weighed volume of the solution containing the cation 
salt of interest .The vessel was a glass cylinder wrapped in a thermostatic jacket 
and maintained at 298.15 K with a water bath. The vessel was mounted on a stand 
and equipped with a magnetic stirrer under a continuous flow of nitrogen. The 
solution of the ligand (~ 1.00 x 10"3 mol dm"3) was added to the vessel which 
contained the cation salt solution (~ 1.00 x; 10"4mol dm'3) in the same solvent in a 
step-wise titration using a glass syringe connected to a calibrated automatic 
burette.
Readings as conductance were recorded once equilibrium of the mixture was 
achieved (~ 3 minutes).
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2.7.5 Calorimetric titrations of LI, L3, L4 and L5 with metal cations in non- 
aqueous media at 298.15 K.
The Tronac 450 calorimeter and the Thermal Activity Monitor (TAM) were used 
to perform titration experiments.
The Tronac 450 calorimeter is an isoperibolic calorimeter and is a commercial 
version of the solution calorimeter designed by Christensen and Izatt137' The 
instrument is equipped with a 2 cm3 burette linked by a silicone tube to the
reaction vessel. The calorimeter instrument consists of a constant temperature
,
water bath (capacity 55 dm ), a motor driven stirrer, cooled heater assembly, 
temperature control probe and a precision temperature controller that maintains the 
bath temperature within 0.001 °C. The reaction vessel was a rapid response vacuum 
Dewar (50 cm3). The solution of the metal cation as perchlorate salt or anion as 
tetra butyl ammonium salt (-1.50 mol dm3) was titrated from the burette into the 
vessel that contained the appropriate ligand LI, L3, L4 and L5 (-3.0 x 10'4 mol 
dm3 of the ligands) prepared in the same solvent. The resulting temperature change 
in the reaction vessel was sensed by the temperature sensor (thermistor), and 
converted to a corresponding voltage in a Wheatstone bridge circuit and recorded 
on a strip-chart recorder to obtain the thermogram. Fig. 2.1 shows the Tronac 450 
calorimeter and Fig. 2.2 represents the typical thermogram of an exothermic 
reaction.
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Fig. 2.1 The Tronac 450 Calorimeter.
T i m e  ( sec )
Fig. 2.2 Thermogram of an exothermic reaction.
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Analysis of a thermogram;
A typical thermogram consists of three sections as shown in Fig. 2.2 (a, b and c)
Section a; This region involves the heat produced by the stirrer, the thermistor and 
the heat leaks before the reaction starts.
Section b; This is the area for heat rise in the reaction vessel due to the addition of 
the titrant, the effect of dilution of the titrant and the titrand, the difference in 
temperature between the titrant and titrand and other effects mentioned for section
a.
Section c; This section represents the end of the reaction, and this is subject to the 
same effects as those described for section a.
3
CDQ. corrected
Time (t)
Fig. 2.3 Plot of tem perature against time showing the graphical extrapolation 
using Dickinson’s method of extrapolation.
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The thermogram results must be subjected to the Dickinson’s method of 
extrapolation in Fig.2.3. The application of this method is carried out for 
isoperibolic calorimeters where temperature changes occur between the system 
(reaction vessel) and the surroundings during the reaction, and therefore a heat 
exchange takes place.
2.7.6 Dickinson’s method of extrapolation
Dickinson’s method is based on the fact that the heat evolution during a titration is 
an exponential function138:
eq. 2.11
T  = 1 - 6 ^ '
In eq.2.11, T, and t denote the temperature (K) and time (s) respectively and k is a 
constant. In order to find the Tm (the mean temperature), the areas I and II of Fig.
2.3 should be equal, therefore
rm  f  oo
I T d t= \ ( l - T ) d t
eq. 2.12
By substituting eq.2.11 into eq 2.12 and assuming tB=0, then:
k cq. 2.13
Replacing eq. 2.13 into eq. 2.11, the mean temperature Tm is obtained:
—  . ' ■
Tm=l — e k =l  — e =0.632 AT eq. 2.14
The following steps were taken to get the corrected temperature from the 
thermogram:
i) Extrapolation of segments AB and CD (lineal segments representing the 
pre and post reaction shown in Fig. 2.3 and drawing a perpendicular line 
starting at B which intersects the extrapolation of CD at the point B .
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ii) At 0.63 of BB ? a perpendicular line to BB is traced cutting the segment
BC at X.
iii) A parallel line to BB1 is drawn which passes through X and cuts the 
extrapolated lines of AB and CD at Y and Y  respectively. Therefore, 
YY is the corrected temperature found by the Dickinson’s method of 
extrapolation.
The mean temperature of the reaction occurs at 63 % of the heat evolved. For the 
electrical calibration, the mean temperature is taken at 50 % of the heat evolved. 
This is due to the fact that unlike for the previous case (exponential function), the 
heat evolved vs time leads to a linear relationship.
2.7.7 Calibration of the calorimeter
(i) Burette calibration
During a calorimetric titration, the titrant is added at a constant rate over a given 
period of time. It was therefore necessary to use a burette with a constant rate and 
to know the volume added in a given period. The burette was calibrated by 
weighing the volume of distilled water delivered over several measured time 
intervals. The burette delivery rate (BDR) in ml s '1 was calculated from eq. 2.15;
BDR = —  eq. 2.15
<J.t
In the eq. 2.15 w, a and t denote the weight of water in grams, the density of water 
at 298.15 K and the time in seconds during the delivery period respectively.
(ii) Standard reaction. Determination of the enthalpy of protonation of THAM with 
an aqueous solution of HCI;
There are several standard reactions suggested to check the accuracy and 
reproducibility of the calorimeter139"141,137.
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For this work, the enthalpy of protonation of £m(hydroxylmethyl) aminomethane, 
THAM, in an aqueous solution of hydrochloric acid (0.1 mol dm"3) (eq. 2.16) 
suggested by Irving and Wadsô141 was measured for the standardisation process.
An aqueous solution of THAM (-0.25 mol dm"3) was placed in the burette and it 
was titrated into the vessel containing an aqueous solution of HCI (0.1 mol dm"3; 
50 cm3). The heat was recorded. The reaction taking place is shown in eq.2.16. The 
enthalpy of protonation for this reaction is well established141.
H2NC(CH2OH)3(aq) + H30 + (aq) -► H3N+C(CH2OH)3(aq) + H20  eq. 2.16
In this experiment the total heat observed in each addition (qt) was corrected to 
account for the heat due to the hydrolysis of THAM in water (qh) and the heat of 
dilution (qd) in order to obtain the heat of protonation qp (eq.2.17)
qp = q t-  qh -qd eq. 2.17
The hydrolysis of THAM can be represented by eq.2.18
THAM+H20-^->H TH AM + + OH- eq. 2.18
The hydrolysis constant, Kh is given by eq.2.19
The concentration of OH" was calculated from eq.2.20
[OH-] = (Kh[THAM])m eq.2.20
The heat associated with the hydrolysis of THAM in water was calculated from 
eq.2.21
qh=[OH-]FAhH  eq.2.21
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In this equation, V is the volume added in each step and AhH is the enthalpy of 
formation of water (-47.49 kJ mol'1) at 298.15 K 154.
The enthalpy of protonation APH, was calculated from eq. 2.22
eq. 2.22
In the eq.2.22, n is the number of moles of THAM added in each step.
(iii) Electrical calibration experiment
During the calibration experiment, a known amount of heat is evolved in the 
calorimetric system just as in the titration experiment. The heat effect observed 
during the reaction is compared to that obtained during the electrical calibration. 
Since it is not possible to get the heat input in the calibration experiment equal to 
the heat involved in the reaction experiment, the ‘calibration constant5 s, defined as 
the heat capacity o f the calorimetric system (J K"1 ) is used.
The calibration constant s is related to the amount of heat produced, q and to the 
corrected temperature change through eq. 2.23, while d is the distance measured 
from the thermogram
During the calibration experiment, the electrical heat was introduced at intervals, t, 
and the potential differences across the standard and the heater resistances, Vi and 
V2 respectively were measured.
The value of s was calculated from the experimental data using eq 2.24
eq. 2.24
In equation 2.24, R  is the calorimetric internal resistance (R = 100.02 Q).
q = s.d eq. 2.23
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Therefore, the molar enthalpy change for the process was calculated using eq. 2.25
AH = — eq. 2.25
In eq. 2.25, n is the number of moles of titrant added in each step. To obtain a high 
level of accuracy an electrical calibration experiment was performed after each 
reaction.
2.7.8 Titration Experiments (Tronac 450 Calorimeter)
The instrument was calibrated electrically and chemically before the experiments
were carried out. For stability constants lower than 106 (log Ks < 6) direct
calorimetric titrations were carried out while displacement titrations were used
when the log Ks values were higher than 6. For direct titration, a solution of the
metal-ion salt (—1.5 x 10" mol dm" ) was prepared in the appropriate solvent and
placed in the burette. The metal-ion solution was titrated into the vessel containing
a solution of the appropriate ligand (50 cm3, -3.0 x lO'4 mol dm"3) prepared in the
solvent of interest. To process the data, a CALLA.BAS and a KHNLR3 computer
program written in basic language in the Thermochemistry Laboratory were
used142. In the program the following steps were considered,
«
i) Initial assumption of a range of Ks value.
ii) Calculation of the concentration of the different species in the reaction vessel 
at each point on an assumed Ks value.
iii) Calculation of the ACH value corresponding to the Ks value chosen which 
best fits all data points using a least square method.
iv) Evaluation of the sum of square errors, Rn.
v) Repetition of all the above steps until optimal Ks and ACH values are found 
which give the minimum value for Rn.
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2.7.9 The Therm al Activity M onitor (TAM) microcalorim eter
a, Electric console; b, inner lid; c, outer lid; d, water bath; e, twin calorimeter; f, pump outlet tube; 
g, polyurethane foam insulation; h, centrifugal pump.;
Fig. 2.4 The four channel calorimeter, (TAM).
The 'Thermal Activity Monitor (Fig.2.4) is a four-channel heat conduction 
microcalorimeter designed by Suurkuusk and Wadsô143. This calorimeter is 
designed to work in the microwatt range, which is conducted essentially under 
isothermal conditions. Temperature differences lower than 10"6 °C can normally be 
detected by the microcalorimeter.
TAM is a high sensitivity microcalorimeter which has excellent log-term baseline 
stability. The instrument is designed for multipurpose usage in Chemistry, 
Biochemistry and Cell Biology. The instrument is composed of four channels that 
are shown in Fig 2.4.
The TAM consists of a basic unit containing a thermostatic water bath (25 dm3) 
with up to four individual channels of heat conducting thermopiles and these are
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maintained at constant temperature of ± 1 x 10"4 °C to allow for measurements in 
microwatt fractions144
The reaction vessel in the thermopile heat conducting calorimeter is surrounded by 
a heat sink which is usually a metal block, “The Peltier Element”, positioned 
between the reaction vessel and the heat sink is a sensor that converts the heat 
energy into a voltage signal proportional to the heat flow.
There is usually a temperature difference in the thermopile if heat is generated or 
absorbed in the reaction vessel and the temperature difference gives rise to a signal 
which is proportional to the temperature differences so there is a heat flow.
The reliability o f the instrument was checked by (i) electrical calibration 
experiments and (ii) determination of the enthalpy of the standard reaction 
involving the titration of barium chloride with 18-crown-6 at 298.15 K. 
Experiments with the TAM microcalorimeter were carried out by I. Abbas and T. 
Matsufuji in the Thermochemistry laboratory
Electrical calibration experiments.
The main aim of the static electrical calibration is to ensure that the heat generated 
by the calibration resistor is equal to the heat measured by {he instrument. During a 
static calibration, a known amount of heat is generated by the calibration heater 
resistors built into the bottom of the measuring cup of the calorimeter.
Standard reaction involving the complexation of 18 crown 6 and BaCl2 in 
water at 298.15 K.
The accuracy of the microcalorimeter was checked by using the standard reaction 
suggested by Briggner and Wadsô145 for the complexation of 18-crown-6 with 
barium chloride in water at 298.15 K.
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Thus an aqueous solution of 18-crown-6 (2.8 cm3, ~ 4 x 10'4 mol dm'3) was placed 
in the calorimetric vessel and about 14 injections were made using a Hamilton 
syringe containing an aqueous solution of barium chloride (~ 9 x 10'3 mol dm'3).
2.7.9.1 Titration experiments involving cation-ligand interactions in various 
solvents at 298.15 K.
Microcalorimetric titrations of the ligands that had a 1:1 stoichiometric interaction 
with the metal-ion were carried out using acetonitrile or dimethylsulfoxide. For 
these experiments the metal-ion salt (2.0 x 10"2-  5.0 x 10'2 mol dm'3) was prepared 
in acetonitrile, placed in a syringe and titrated into the vessel containing a solution 
of the ligand for the reaction (2.8 cm3 concentration range 9.0 x 10'4 to 1.5 x 10'3 
mol dm'3) prepared in the same solvent. Twenty two injections were made 
approximately at 40 minutes intervals. In all cases corrections were made for the 
enthalpy of dilution of the titrant. The computer program for TAM Digitam 4.1 for 
Windows from Thermometric AB was used to calculate log Ks and ACH values.
2.1.92 Calculation of the stability constant (log IQ  and enthalpy (ACH)
t
associated with metal-ion complexes of 1:1 (cation: ligand)
stoichiometry;
Eq. 2.26 shows the complexation process involving a neutral macrocyclic ligand, L 
and a metal cation, Mn+ to give a 1:1 complex ML n+ in a solvent, s.
M"*(s) + L{s) K‘ >ML"*{s)
In eq. 2.27 d  denotes activity.
eq. 2.26 
eq. 2.27
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The heat of reaction Q; at a certain point I is related to the number of moles of the 
complex formed at a certain volume added, V;. Therefore,
ti =A,7VA,W.=A r//.|A//"-]...'i eq. 2.28
In eq. 2.28, ACH is the enthalpy change for the reaction and AnMLn+ is the number 
of moles of the complex, ML n+ formed from the beginning of the titration at point 
i. AnMLn can calculated easily if the Ks value is known. However if the Ks value is 
not known an approximate value can be used instead. In this case, a corresponding 
AnMLn+ value can be derived and the ACH can be obtained at a given point i from 
eq. 2.28. These calculations are repeated for every point of the reaction using an 
approximate Ks value. The ACH and Ks values are constant for a given reaction and 
therefore the calculated enthalpy change is expected to be the same when the AH 
value is referred to 100 % of complexation. If  this is not the case then, a new 
approximate Ks value is chosen until the enthalpy values at each of the
experimental points are the same. The values calculated for Ks and ACH are the
correct values for the reaction complex
The stability constant log Ks and the enthalpy of complexation, ACH, values can be 
calculated by the least squares estimation algorithm from a set of m measurements 
(titration points) by minimising the sum of squared errors, Rn, between the 
experimental and calculated values of Q as shown in eq. 2.29
K = £  (&P -  &, )2= £  (e=xP -  a v ,. )2= £  -KcH.[Mn'-\y,f
M m m eq. 2.29
The concentration of the various species in the reaction vessel for each Ks is given
by
[M]t = [M”+] + [ML n+] cq. 2.30
[Mn+] = [M]t -[MLn+] eq. 2.31
[L]t = [L] + [MLn+] cq. 2.32
[L] = [L]t-[ML"+] cq. 2.33
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In eqs. 2.30 to 2.33, [M]t and [L]t denote the total molar concentrations of the 
metal cation and the ligand respectively, while [Mn+], [L] and [MLn+] denote the 
equilibrium concentrations of the metal cation, ligand and complex respectively.
Taking into account eq. 2.26 and replacing each term for eqs 2.30 -2.33, it follows 
that,
f
^ 2 . 3 4
Rearrangement of eq. 2.34 leads to a quadratic equation (eq. 2.35)
[Mt"+]2-([I] ,+ [M ''+] ,+ ^ ) [ M r +] + [£],[M”+], = 0
‘ eq. 2.35
The negative solution of the above quadratic equation is guarantied to fulfil the 
necessary constraints [MLn+] > 0 and [L]t> [MLn+] and is given by
(M i +[M"+], + ^ ) ±  ([I], +W*l + - f ) 2 - 4[i],.[M"+],
[ M r j : ------ ------------pi—L--------------- __________ ____
 ^ eq. 2.36
Having calculated [M Ln+], the enthalpy of complexation, ÀCH can be found using 
a linear square optimisation algorithm given in eq. 2.28.
The stability constant log Ks should be between 1 and 6 log units. The curves for 
the system with log Ks > 6 differ only slightly from one to another, hence it is 
difficult to calculate Ks values accurately. However, the Ks values of relatively 
strong complexes can be obtained from competitive titration calorimetry and this is 
discussed in the next section.
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Competitive titration calorimetry for 1:1 complexes
This titration is used for highly stable metal-ion complexes (log Ks > 6). The 
stability constant can be determined using the displacement (competitive) 
calorimetric titration method suggested by Izatt et a l 146. A metal cation with a well 
established stability constant was used to form a complex with the ligand which 
was subsequently displaced by another metal cation during the titration. The 
processes taking place in a competitive calorimetric titration on the condition that 
the salts involved are predominantly as ionic species in solution are described in 
eqs. 2.37-2.39.
(j) -> M2C \ S) = log Km
M pts)  + L{s) {s) = log Ksl
M fO ) + Us) -» M ^ U s )  = logi:s2 
Taking into account Ks, for the process
Combination of eqs 2.37 to 2.40 gives eq.2.41
Therefore,
lo g ^  = iogü:ov- io g r i,
A similar procedure to that involved in the determination of the stability constant 
by direct calorimetric titrations was used for the determination of KS(0V), with 
modification of eqs. 2.43 to 2.45 to satisfy the conditions of the reaction:
eq. 2.43
eq. 2.37 
eq. 2.38 
eq. 2.39
eq. 2.40
eq. 2.41
eq. 2.42
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[M n r= [M r+ [M ,r+ ]
eq. 2.44
[Z]r =[M2r +M M r - ] eq. 2.45
Therefore the overall stability constant from the reaction (KS(0v)) was calculated by 
the following equations:
Having determined [M2Ln+], the same procedure for the determination of AH used
in direct calorimetric titrations was applied for the determination o f the overall
change of enthalpy, AH0v, for the competitive titration.
The thermodynamic parameters of complexation were calculated from eqs. 2.48 
and 2.49
A,G° = -arinAr, eq. 2.48
ACG° = ACH 0-T A CS° eq. 2.49
[M2Ln+]x[M,n+]
eq. 2.46
eq2.47
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The application of this method must fulfil the following conditions;
i) log A.;, > log A'.,
ii) a ch 2 * a ch ,
iii) 1 < log K' . < 6
Calculation of stability constants (log Ks) and enthalpies of complexation, 
(ACH) for 1:2 (metal-cation : ligand) complexes.
The 1:2 (metal cation:ligand) complex stoichiometry can be expressed in the 
following equations:
M(s) ir  ( . V )  — Ml!” ( . v )  eq. 2.50
M"+L(s) K‘2 eq. 2.51
In eqs 2.50 and.2.51, Ksi and KS2 denote the individual stability constants of the 
first and second complexation processes.
The following expressions are obtained from the mass balance equations
*
= eq.2.52
[Z7] = [Z]+ [M^] + [MZ;z] eq. 2.53
Ksl and Ks2 values can be obtained from eqs. 2.54 and 2.55
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Solving the two simultaneous equations 2.54 and 2.55 will give a polynomial 
equation from eqn 2.56
a[M L rf  + b[MLn+f  + c[MLr} + ^  = 0 eq. 2.56
In eq.2.56 the coefficients a, b, c and d are given by
a = —KjiKsi + AKsi eq. 2.57
b = 2K.xK*Lt — Ks\ + 4Æv2 eq. 2.58
c = KiiLt + KsiKsiMn — I K ^ M tLt + 1 eq. 2.59
d = -K siLtMt eq. 2.60
At least one of the three solutions of the above cubic equations is guaranteed to 
satisfy the constraints;
The value of [M>"+] can be calculated from eq. 2.62.
Q c a i  can be calculated with eq.2.63
n+
Q* = -bJiy[MLx }-bJ i,V [M Lr]  eq.2.63
The error function Rn can be reduced by the use of eq. 2.64
= (6  cxp— Qcal)2 eq. 2.64
The program for the calculation is similar to the one used for 1 : 1 stoichiometry 
complexes. The new values for Ksl and Ks2 are chosen repeatedly and the 
magnitude of the sum of square errors Rn was calculated for each set of Ksl and Ks2
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values until the optimal Ksi, KS2, AcHi and which gives the minimum Rn 
value was found.
2.7.10 Potentiometric titrations
Potentiometry is a technique used to determine the stability constant of metal ions 
with macrocyclic ligands. This is because the technique has the capability of using 
a wide range of concentrations in the titration process since it depends on the 
logarithm of the concentration. Potentiometry is one of the most accurate 
experimental methods used to determine metal-ion activities even in very low 
concentration provided highly sensitive electrodes are used147. This makes it 
possible to measure stability constants of highly stable complexes if a suitable 
electrode system working in a reversible manner with respect to an appropriate 
metal-ion in solution is available.
Potential differences are correlated to the activity o f the metal cation through the 
Nemst equation (eq.2.65).
R T
E = E°+— inau,t eq.2.65
In eq. 2.65, R,T,F and n denote gas constant, temperature, Faraday constant and 
the number of electrons in the redox process respectively. E° Mn+/M is the standard 
electrode potential.
The stability constants of j9-fe7t-butylcalix[4 ]arene phenylketone (LI) with Ag+ 
and Na+ were measured in acetonitrile with silver and sodium selective electrodes 
respectively, while the stability constant of 7-nitro-1,3,5-triazaadamantane (L5) 
with Hg2+ in acetonitrile was measured with a mercury amalgam electrode.
Fig. 2.5 presents the silver electrode used for the titration of LI with Ag+ in 
acetonitrile at 298.15 K.
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2.7.10.1 Potentiometric titration of/?-fer/-butylcalix[4]arene phenylketone (LI) 
using silver and sodium selective electrodes
The electrochemical cell of the silver electrode is built from two half-cells 
consisting of a silver wire introduced into a solution containing silver cations. A 
salt bridge containing the supporting electrolyte, (tetra-n-butylammonium 
perchlorate, TBAP) was used to join both half cells while the electrodes were 
connected to the potentiometer. A schematic representation of the cell is given Fig. 
2.5.
m
TBAP
Reference
Working
electrode
electrode
Fig. 2.5 Electrochemical cell used for the determination of stability 
constants of metal-ion complexes in non-aqueous media
To determine the stability constants of sodium complexes of calixarene derivative 
(LI) in acetonitrile, the indicator electrode was a sodium selective glass electrode 
(Russell). The reference electrode for sodium was immersed in the solution of the
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sodium cation salt and the reference half-cell was as described above for the silver 
electrode.
2.7.10.2 Calibration of the electrodes
For the calibration experiments, the vessel containing the indicator electrode was 
filled with TBAP solution (0.05 mol dm ", 10 ml) while the vessel containing the 
reference electrode was filled with AgC104 solution (~1 x 10"3 mol dm'3, 10 cm3) 
prepared in TBAP. The vessels were connected using a salt bridge containing 
TBAP solution. Potential readings were taken with a digital microprocessor 
pH/mV meter HANNA model HI 8417. The indicator and reference h a lf  cells were 
kept at constant temperature (298.15 ± 0.05 K) by using a thermostatted water 
bath. The apparatus was allowed to reach equilibrium after a set up of 
approximately 40 minutes. Silver perchlorate (for silver electrode) or sodium 
perchlorate (for sodium electrode) (~ lx l O'4 mol dm"3) was titrated into the h a lf  cell 
containing the indicator electrode. Potential readings were taken after each 
addition and the Nemstian behaviour of the electrode was evaluated from the slope 
of a plot of potential against -logi0[Ag+] for silver or -logi0[Na+] for sodium.
2.7.10.3 Potentiometric titrations *
To determine the stability constant of the complex formed between p-tert- 
butylcalix[4]arene tetraphenyl ketone (LI) and silver or sodium a solution of the 
ligand (-3 xlO"4 mol dm'3) was prepared with TBAP (0.05 mol dm'3) in 
acetonitrile. The ligand LI was then used to titrate the known concentrations and 
known volumes of the silver or sodium cation salts in the vessel containing the 
indicator electrode after calibration. The titration was continued to allow the 
formation of 1:1 silver calix[4] arene tetraphenyl ketone complex or the sodium 
tetraphenyl ketone complex. Potential readings were taken after each addition and 
the data collected were used to calculate the stability constants for silver and 
sodium calix[4]arene tetraphenylketone complexes.
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The process taking place during the potentiometric titration is shown in eq. 2.26 
while the stability constant was calculated from eq. 2.27 and the Gibbs energy can 
be calculated from eq. 2.47.
2.7.10.4Potentiometric titration of 7-nitro-l,3,5-triazaadamantane (L5) with
2_p
Hg using the mercury amalgam electrode.
Potentiometric experiments were carried out using the digital micro-processor 
pH/mV-meter HANNA model pH-Meter. The internal electrode consisted of a 
calomel (Hg/Hg2Cl2/KCl) double junction reference electrode. The potential of this 
electrode depends on the concentration of KC1. A solution of LiCl in ethanol was 
used to fill the internal reference electrode while the outer salt bridge contained a 
solution of TBAP (0.05 mol dm"3) in acetonitrile. The free mercury ion activity 
was measured by using a mercury amalgam electrode as the indicator electrode. 
The indicator and the reference electrodes were then connected to the digital 
micro-processor pH/mV-meter HANNA model pH-meter. The calibration 
experiments were performed by filling the vessel with a solution of, tetra-n-butyl 
ammonium perchlorate (TBAP) (35 ml, 5 x 10'4 mol dm") in acetonitrile and the 
temperature was kept constant at 298.15 ± 0.1 K by using a thermostatic water 
hath. The solution was allowed to reach thermal equilibrium before the titration 
was started. On achievement of equilibrium, a solution of Hg(C104)2 (~5 x 10"4 
mol dm'3) was prepared in the same TBAP solution and this was used to titrate the 
solution in the vessel. The data were collected and the Nemstian behaviour of the 
electrode was determined from the slope of a plot of potential against -log10 [Hg2+].
For the determination of the stability constant of 7-nitro-1,3,5-triazaadamantane 
(L5) with Hg2+ a solution of the ligand (2.5 x 10"3 mol dm"3) in the same TBAP 
solution (5 x 10‘4 mol dm"3) in acetonitrile was prepared. The ligand solution was 
used to titrate the solution of mercury (II) of known concentration allowing for the 
formation of the 1:2 complex of (Hg2+: L5). The collected data were used to 
calculate the stability constant of 7 nitro-l,3,5-triaza adamantane with Hg2+ in
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acetonitrile solution at 298.15 K . A computer programm148 ‘Superquad’ was used 
to calculate the stability constant of the complex from the experimental data.
86
Chapter 3 Results and Discussion
3 Section 1
3.1 Solution studies involving 5,11)17,23-tetra-tert-butylcalix [4] arene-
25,26,27,28- tetra-(benzoyI)methoxycalix[4]arene, LI and metal cations
Introduction
Although the main objective of this thesis is to design, synthesise and characterise 
ligands which are likely to interact with heavy metal cations, the actual strategy 
adopted was to select a ligand for which preliminary work was carried out in order 
to get familiar with the general area of supramolecular chemistry. Thus the
5,11,17,23-tetratertbutylcalix[4]arene-25,26,27,28-tetra (benzoyl) methoxy 
calix[4]arene, LI was selected for the following reasons
(i) Studies reported in the literature need to be revisited47.
(ii) There was already information regarding the thermodynamics associated 
with this ligand and the sodium cation as discussed in the Introduction55. 
Therefore, it was necessary to investigate the interaction of this ligand 
with other metal cations. In addition data for an analogous ligand 
X 11,17,23-tetra-ter^butylcahx[4] arene-25,26,27,28-tetra-(methyl) 
methoxycalix[4]arene and metal cations in acetonitrile are available155.
, (iii) The presence of aromatic rings in the pendant arms may facilitate the
formation of a polymeric structure by treating this receptor with 
formaldehyde in acid medium.
Therefore, results and discussion are presented in the following sequence;
(i) Characterisation of 5,11,17,23-tetra-te/7-butyl-25,26,27,28- 
tetra(benzoyl) methoxy calix[4] arene
(ii) Solubility measurements
(iii) lR  NMR complexation studies
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(iv) Conductometric measurements
(v) Thermodynamics of cation complexation processes involving
5,11,17,23-tetra-fe^butyl-25,26,27,28-tetra(benzoyl) 
methoxy calix[4] arene
3.2 Characterisation of 5,ll,17,23-tetra-/ert-butyi-25,26,27,28-tetra(benzoyI) 
methoxycalix[4]arene, LI by H NMR.
3.2.1 Proton NMR studies
H NMR studies were performed for this ligand characterisation in CDC13 at 
298 K. The spectrum of 5,ll,17,23-tetra-/er/~butyl-25,26,27,28-tetra-(benzoyl) 
methoxycalix[4]arene is shown in Fig. 3.1.
Fig. 3.1 1H NMR spectrum of 5,11,17,23-tetra-tert-butyl-25,26,27,28-tetra- 
(benzoyl) methoxycalix[4]arene, LI in CDC13 at 298 K.
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The spectrum for the ligand LI shows a pair of doublets corresponding to the
methylene bridge protons (ArCH2Ar) and these are characteristic of calix[4]arenes
in solution when they are in a c coneV conformation. The equatorial proton is at
higher field and is close to the aromatic ring while the axial proton is at lower field
and is close to the ethereal oxygens. A measure of the characteristics of the cone is
obtained by the difference between the chemical shift of the axial and equatorial
protons ( A 5 a x - e q ) 4 7 - When the compound is in the ‘cone’ conformation the
- %
difference between the chemical shifts of the axial and equatorial protons is about 
0.9 ppm. Given that the A8ax_eq for LI is 1.85 ppm in CDC13 indicates that in this 
solvent this ligand adopts a distorted ‘cone’ conformation. LI can be further 
characterised from the single resonance peak in the aryl region which is due to the 
aromatic protons because they are all equivalent (H-2). There is an upfield singlet 
which identifies the tert-butyl protons which are also equivalent (H-l). Other 
chemical shifts observed are those observed for the H-5 proton and doublets and 
triplets corresponding to the aromatic protons of H-6, H-7 and H-8.
3.2.2 Solubility measurements of 5,11,17,23-tetra-tert-butyl-25,26,27,28- 
tetra(benzoyl) methoxycalix[4]arene in different solvents at 298.15 K.
Having characterized the macrocycle, its solubility in various solvents was 
determined at 298.15 K and the results are discussed.
In order to investigate the solvation properties of 5,11,17,23-tetra-fgrf-butyl-
25,26,27,28-tetra(benzoyl) methoxycalix[4]arene in solution, the solubility of LI 
was determined in various solvents. Solubility data at 298.15 K are listed in Table 
3.1. The data are an average of several analytical measurements carried out in 
triplicate on the same saturated solution.
The solubility measurements were also carried out to derive the standard Gibbs 
energies of this ligand in various solvents. Solubility involves an equilibrium 
between the solid (sol) and its saturated solution eq. 2 .1.
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The equation used for the calculation of the standard Gibbs energy of solution, 
ASG0 was quoted in the Experimental part (eq.2.2).
For the calculation of the standard transfer Gibbs energy, AtG° for the neutral 
ligand, from a reference solvent, si to another solvent s2 the following steps were 
considered. Thus, the transfer process is represented by eq. 3.1
Ll{s)-^L2{s) eq. 3.1
Thus the thermodynamic transfer constant, Kt is defined by eq. 3.2
K,
I Air,.:(.«) eq. 3.2
On the assumption that the activity coefficient of L I in both solvents is equal to 1, 
Kt can be expressed in terms of concentrations. Thus
' - K W  X W  eq. 3.3
In eq. 3.3, K is the solubility of the ligand on the molar scale in the saturated 
solution.
Therefore
AX^ i = = - ^ r i n ^ ) - ( - ^ T l n % ) = = A ^ ( ^ ) - A ^ ^ )
Table 3.1 reports solubility data for L I and derived standard Gibbs energy of 
solution, ASG° of L I in various solvents. Taking acetonitrile as the reference 
solvent, the standard transfer Gibbs energies (AtG°) to other solvents were 
calculated.
The standard deviation of the data was calculated by eq. 3.5
Chapter 3 Results and Discussion
In eq. 3.5, x  is the solubility (mol.dm"3) of one sample, x is the average of the 
three solubility values and n is the number of tests performed.
Table 3.1 Solubilities and standard Gibbs energies of solution of LI in 
various solvents and transfer data from acetonitrile to other solvents at
298.15 K.
.0
LI
Solvent Solubility
(mol.dm"3)
ASG° (kJ.mof1) AtG0 (kJ.mof1) 
(MeCN-»s)
EtOH (2 .8± 0 .2) x IQ-" 20.28 0.25
MeOH (8.5 ± 0.1) x 10"5 23.24 3.21
DMSO (1.6 ± 0.1) x 10"3 15.96 -4.07
MeCN (3.1 ± 0.3) x 104 20.03 0
PC (6.2 ± 0 .2)  x 104 18.30 -1.73
DMF Solvate formation
Toi Solvate formation
CHCI3 Solvate formation
DCM Solvate formation
THF Solvate formation
Abbreviations: Ethanol, EtOH; Methanol, MeOH; Dimethylsulfoxide, DMSO; Acetonitrile, MeCN; Water, 
H20; Propylene carbonate, PC; 7V,A-dimethylformamide, DMF; Toluene, Toi; Chloroform, CHC13; 
Dichloromethane, DCM; Tetrahydrofuran, THF.
Solvate formation was found when LI was exposed to saturated atmospheres of 
N,N-dimethylformamide, tetrahydrofuran, chloroform and dichloromethane. No
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quantitative data could be obtained and therefore the standard Gibbs energy of 
solution at 298.15 K could not be calculated. The calculation of standard Gibbs 
energy requires that the composition of the ligand is the same in the solid state and 
in solution149’150. In the absence of solvate formation, the standard Gibbs energies 
of solution, A,G° , were calculated from solubility data. Given that acetonitrile was
chosen as the reference solvent in the calculation of AtG° values for other ligands, 
for comparative purposes the same reference solvent was selected for the 
evaluation of A,G° values. A negative value of A,G° indicates that ligand-solvent 
interaction is stronger in the receiving 0 2) than the reference solvent (^ ) .  Gibbs
energies of LI show that its transfer from one solvent to another does not alter the 
equilibrium position in a very selective manner. Judging from the AtG° values it 
seems that the solvation trend for LI follows the sequence,
DMSO>PC>MeCN>EtOH> MeOH
For comparison purposes, data for an analogous ligand, p-tert- butylcalix[4]arene 
tetramethylketone (TMK) are also included in Table 3.2.
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Table 3.2 Solubilities and standard Gibbs energies of solution of p-tert- 
butylcalix[4]arene tetramethylketone in various solvents and transfer data 
from acetonitrile to other solvents at 298.15 K47,155-
o
Solvent Solubility (mol dm'3) ASG° (kJ mol'1) AtG0 (kJ mol'1)
MeCN 2.35 xlO '3 15.01 0.00
MeOH 4.62 x 10"4 19.04 4.03
EtOH 5.20 x 10^ 18.74 3.74
DMF 7.71 xlO'3 12.06 -2.95
PC 5.94 xlO"4 18.41 3.40
DMSO 5.97 xlO "4 18.40 3.39
THF v. soluble Solvate formation
CH2CI2 v. soluble Solvate formation
PhCN v. soluble Solvdte formation
CHCI3 v. soluble Solvate formation
Abbreviations; Ethanol, EtOH; Methanol, MeOH; Dimethylsulfoxide, DMSO; Acetonitrile, MeCN; Water, 
H20 ; Propylene carbonate, PC; A^A-dimethylformamide, DMF; Toluene, Toi; Chloroform, CHC13; 
Dichloromethane, DCM; Tetrahydrofuran, THF.
Judging from the AtG° values, the solvation trend for p-tert- butylcalix[4] arene 
tetramethylketone follows the sequence,
DMF > MeCN > DMSO > PC > EtOH > MeOH
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There is a difference between the solvation of L I and p-tert- butylcalix[4]arene 
tetramethyl ketone in acetonitrile. The replacement o f the aliphatic chain of 
tetramethyl ketone with an aromatic group reduces the solubility of L I by a factor 
of about 10 in acetonitrile. From the standard transfer Gibbs energy values of the 
two ligands from acetonitrile to protic solvents (MeOH, EtOH ), it seems that as 
the hydrophobic character of the ligand increases the solubility decreases. L I is 
more hydrophobic than tetramethyl ketone calix[4] arene and therefore the former 
is better solvated. The AtG° values in dipolar aprotic solvents for the latter show 
that except for DMF and MeCN, its solvation in the alcohols and other dipolar 
aprotic solvent does not differ significantly. The different sequences found in the 
standard transfer Gibbs energy values for both L I and tetra methylketone 
calix[4]arene proves that these data cannot be correlated with any single solvent 
property47.
3.2.3 Complexation studies.
The aim of these experiments was to assess the presence of interactions between 
L I and metal cations and if  so to identify the active sites of interaction of the 
ligand with the cations in CD3CN.
3.2.3.1 ‘H  NM R studies
The interaction of L I with metal cations was investigated in CD3CN at 298 K. The 
selection of this solvent was based on the fact that data for an analogous ligand in 
this solvent are available155. Thus !H NMR studies were performed by adding the 
metal cation salt in excess to the solution of the ligand. Thus Table 3.3 shows the 
chemical shift changes AS values (ppm) that L I undergoes in the presence of 
univalent metal cations (alkali and silver metal cations) in CD3CN at 298 K.
In an attempt to assess the conformational changes of the ligand upon 
complexation with each cation, ASax-eq for the free ligand and its complexes are 
calculated. These data are also included in Table 3.3. The axial protons in the 
presence of the univalent metal cations are all shielded while the equatorial protons
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are deshielded leading to a decrease in the A8ax_eq values. The A5ax.eq value for the 
free ligand is 1.69 ppm, and the A5ax_eq values for Li+, Na+, K+, Rb+ and Ag+ are 
1.20, 0.97, 0.99, 1.15 and 0.91 ppm respectively. The Cs+ cation did not show any 
significant chemical shift change. For cations showing changes in their chemical 
shifts, the values for A5ax-eq suggest that upon complexation they adopt a more 
‘cone’ like conformation. In fact the A8ax_eq value for Ag+ is that of a perfect ‘cone’ 
conformation. It is expected that the pendant arms in the free ligand are as far apart 
as possible for electrostatic reasons. Their rearrangement to bind the metal cation 
leads to a more cone-like conformation.
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Table 3.3 H NMR chemical shift changes in ppm of LI and TMK with 
univalent metal cations in acetonitrile at 298 K.
CH. TMK
1 2 3 4 ÂÔax-eq 5 6 7 8
Ligand 1.17 7.05 3.31 5.00 1.69 5.70 7.91 7.42 7.55
Li+ 0.08 Distorted 0.23 -0.26 1.20 -0.16 -0.31 -0.06 -0.14
Na+ 0.08 Distorted 0.31 -0.51 0.97 -0.30 -0.17 0.03 0.11
K+ 0.09 0.46 0.23 -0.47 0.99 -0.31 -0.05 0.24 0.21
Rb+ 0.09 0.10 0.00 -0.54 1.15 0.00 -0.03 0.08 0.16
Cs+ 0.00 0.00 0.00 0.00 1.69 0.00 0.00 0.06 0.00
Ag+ , 0.08 Distorted 0.23 -0.55 0.91 -0.30 -0.17 0.24 0.12
TMK 1.16 7.14 3.28 4.84 1.56 4.77 2.18
Li+ 0.04 0.19 0.12 -0.44 1.00 0.03 -0.01
Na+ 0.04 0.21 0.11 -0.67 0.78 -0.14 0.02
K+ 0.05 0.22 0.12 -0.59 0.85 -0.15 -0.01
Rb+ 0.01 0.02 0.01 -0.05 1.6 -0.01 0.00
Cs+ 0.00 0.00 0.00 0.00 1.56 0.00 0.00
Ag+ 0.04 0.20 0.13 -0.65 0.78 -0.16 0.02
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The deshielding and distortion at the upper rim could be attributed to 
conformational changes induced by the inclusion of the metal cation in the 
hydrophilic cavity and/or, the inclusion o f a molecule of acetonitrile in the 
hydrophobic cavity. The latter process is more likely to occur. This statement is 
based on the distortion observed in the aromatic protons (H-2) in the case of Li+, 
Na+, and Ag+ or the downfield chemical shift changes observed particularly for the 
interaction of L I with the potassium cation in this solvent.
It is interesting to compare the !H NMR data for this ligand with monovalent 
cations in CD3CN with those found for the the tetra methyl ketone derivative, 
TMK and these cations in this solvent. These data are also included in Table 3.3. 
As far as the AS^.^ values are concerned, L I shows a more distorted ‘cone’ 
conformation (A8az-eq = 1.69 ppm) than TMK (A ô^q = 1.56). Upon complexation 
both ligands adopt a ‘cone’ conformation with similar changes in the A8^ .^  values 
(except for Rb+ which do not seem to complex with TMK) relative to the free 
ligand in CD3CN. However the downfield chemical shift changes for the aromatic 
protons (H-2) are much more pronounced for L I than for TMK in this solvent. 
This may be attributed to a higher interaction between the solvent and L I relative 
to TMK. Again the chemical shift changes observed in H-5, H-6 , H-7 and H-8 in 
L I are much more pronounced than those observed for H-5 and H -6 in TMK 
which may indicate that the presence of the phenyl group in the*pendant arm of L I 
may lead to additional interactions besides ion-dipole interaction expected to take 
place for both ligands.
Inspection of the H NMR data resulting from the addition of bivalent metal cation 
salts (as perchlorates) to L I in CD3CN at 298 K (Table 3.4) show significant 
chemical shift changes in the Aôax-eq values. In most cases except for the Zn2+-L l 
complex these values are lower than p.90 ppm. These findings indicate that the 
complexes of L I with bivalent cations in CD3CN adopt a flattened ‘cone’ 
conformation.
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Significant downfield chemical shift changes are observed in all cases for the 
aromatic protons (H-2) which again may be attributed to a further penetration of 
the solvent into the hydrophobic cavity of the ligand as previously demonstrated47.
As the hydrophilic cavity closes to complex the cation, the hydrophobic cavity 
opens and may allow the solvent to penetrate further making the aromatic protons 
(H-2) to undergo downfield changes. The chemical shift changes observed in the 
aromatic protons of the phenyl ring in the pendant arms (H-6, H-7, H-8) are quite 
significant and may be the result of additional interactions besides the cation- 
dipole interactions expected between the carbonyl oxygen and the bivalent ion.
In order to analyse the data further, ^H NMR data for these cations and L I in 
CD3CN are compared with the corresponding data for the analogous ligand TMK 
which contains in its pendant arms a methyl group instead of the phenyl moiety 
present in L I. Thus H NMR data for TMK and bivalent cations are also included 
in Table 3.4.
As far as L I is concerned a plot of A8 (H-5) against the cation size leads to a non­
lineal relationship for the univalent cations while showing downfield changes for 
the smallest cations and upfield for the largest ones. L I showed a linear 
relationship with the bivalent cations. However for TMK only downfield chemical 
shift changes are?observed, these being significantly greater than for L I. However 
the relationship observed is not lineal for TMK with both uni and bivalent metal 
cations. For L I and metal cations the most significant chemical shift changes are 
observed in H-6 which exhibit high upfield shift changes for the largest ones as 
shown in Figs. 3.4 and 3.5. These figures clearly demonstrate the size effect of the 
cation upon complexation. For TMK H-6 shows no significant differences in the 
chemical shift changes upon complexation with both uni and bivalent metal cations 
in CD3CN. Downfield chemical shift changes are generally found in L I for H-7 
(except for Zn2+) and H-8 with no significant differences between the various 
cations (Figs. 3.6 and 3.7).
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Table 3.4 H NMR chemical shift changes in ppm of LI and TMK with 
bivalent metal cations in acetonitrile at 298 K.
1 2 3 4 A^ax-eq 5 6 7 8
Ligand 1.17 7.05 3.31 5.00 1.69 5.70 7.91 7.42 7.55
Mg'+ 0.10 0.54 0.44 -0.55 0.70 0.11 -0.46 0.14 0.19
Ca^ 0.08 0.50 0.38 -0.88 0.43 0.01 -0.06 0.13 0.25
S/+ 0.08 0.51 0.36 -0.78 0.65 -0.11 0.02 0.12 0.19
Ba2+ 0.10 0.49 0.30 -0.65 0.74 -0.26 0.07 0.16 0.19
Pb2+ 0.10 0.60 0.31 -0.75 0.63 -0.04 0.15 0.11 0.17
Zn2+ 0.08 0.54 0.22 -0.52 0.95 0.08 -0.29 -0.06 0.12
Cd2+ 0.08 0.61 0.43 -0.72 0.54 -0.03 -0.13 0.13 0.21
HfiT 0.09 0.16 0.37 -0.80 0.52 0.04 -0.03 0.11 0.21
TMK 1.16 7.14 3.28 4.84 1.56 4.77 2.18
Mg2+ 0.02 0.33 0.35 -0.75 0.46 0.32 0.17
Ca2^ 0.02 0.32 0.32 -1.02 0.22 0.17 0.21
Sr2+ 0.02 0.33 0.333 -0.90 0.33 0.09 0.14
Ba2+ 0.06 0.30 0.23 -0.76 0.57 -0.05 0.05
Pb2+ 0.06 0.34 0.29 -0.68 0.59 0.23 0.16
Zn2+ 0.00 0.00 0.00 0.00 1.56 0.00 0.00
Cd2^ 0.02 0.33 0.34 -0.40 0.82 0.14 0.21
Hg2+ 0.03 0.33 0.36 -0.94 0.26 0.14 0.25
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Fig. 3.5 Plot of Àô values of H-6 for LI and TMK with bivalent cations against 
ionic radii (Â).
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Fig. 3.7 Plot of Àô values of H-8 for LI univalent cations against ionic radii
(A)
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Following the NMR interactions, conductometric titrations were performed in 
acetonitrile at 298.15 K to determine the stoichiometry of the ligand-metal cation 
complexes and this is presented in the next section.
3.2.3 2 Conductometric titrations of univalent metal cations with LI in 
acetonitrile at 298.15 K.
Conductometric titrations were carried out in acetonitrile for the same reasons 
explained earlier in this thesis.
Conductometric titrations for alkali and alkaline-earth-metal and silver cations in 
MeCN were performed by titrating a solution containing the ligand (LI) into the 
metal-ion salt solution in the vessel. The molar conductance for each addition was 
calculated and plotted against the ratio of the concentrations of the ligand and 
metal-ion solution ([Ll]/[M n+]. Figs. 3.8-3.13, show the conductometric curves 
for the titrations o f L I with univalent metal cations in acetonitrile at 298.15 K.
The limiting molar conductance of the metal cations as perchlorates in MeCN 
reported in the literature151,152 were compared with the molar conductance of the 
free salt (uncomplexed state) in the solution# The limiting molar conductance is a 
hypothetical parameter that measures the molar conductance at the limit of infinite 
dilution. Therefore it is expected that the values obtained for the molar 
conductance of the free metal cation salt at a given concentration will be lower 
than the limiting molar conductance at infinite dilution, (Table 3.5). The Am
values for the univalent and bivalent metal cations observed at zero ligand 
concentration in acetonitrile are within those expected for these electrolytes in this 
solvent.
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Table 3.5 Values for the limiting molar, A0m, conductance at infinite dilution 
for the metal cation salts in acetonitrile at 298.15 K
Metal
salt
A°m
(S cm2 mol'1)
Metal ion salt A0m (S cm2mor1)
LiC104 173.0a Mg(C104)2 303 .8"
NaC104 oo o Ca(C104)2 323 .5^
KC104 187.3^ Sr(C104)2 340 .0"
RbC104 189.3a Ba(C104)2 363 .3"
CsC104 191.0a Pb(C104)2 348 .1"
AgC104 189.9a Cd(C104)2 352 .3"
KC1 Hg(C104)2 369 .0"
RbCl Zn(C104)2 310 .0"
CsCl
a T~'____ n  _ r- b t-«____a From Ref. 151,b From Ref.46
*
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Fig. 3.8 Conductometric curve for the titration of Li+ (perchlorate as counter 
ion) with LI in acetonitrile at 298.15 K.
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Fig. 3.9 Conductometric curve for the titration of Na+ (perchlorate as counter 
ion) with LI in acetonitrile at 298.15 K.
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Fig. 3.10 Conductometric curve for the titration of K+ (perchlorate as counter 
ion) with LI in acetonitrile at 298.15 K.
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Fig. 3.11 Conductometric curve for the titration of Rb+ (perchlorate as 
counter ion) with LI in acetonitrile at 298.15 K.
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Fig. 3.12 Conductometric curve for the titration of Cs+ (perchlorate as 
counter ion) with LI in acetonitrile at 298.15 K.
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Fig. 3.13 Conductometric curve for the titration of Ag+ (perchlorate as 
counter ion) with LI in acetonitrile at 298.15 K.
Plots of molar conductance against the ligand/metal cation concentration ratio for 
LI with univalent metal cations (as perchlorate salts) in acetonitrile at 298.15 K 
revealed the following features.
(i) The limiting molar conductance Am for each cation at - ^ L  = q ]s
[M+]
approximately equal or lower than the A°m o f the metal ion perchlorate in this 
solvent reported in the literature46,151.
(ii) They show a decrease in the molar conductance of the complex throughout the 
titration, until the ligand/metal cation concentration ratio reaches 1:1. This was 
followed by very small or no variation in conductance upon increasing the ratio. 
The decrease in molar conductance is attributed to the lower mobility of the metal 
ion complex relative to the free cation salt.
(iii) Changes in the conductance titration of some of these metal cations with LI 
clearly demonstrate that these curves result from the combination of two linear 
segments with a well-defined change in the curvature at the reaction stoichiometry 
of 1:1 (ligand: metal cation) for Li+’ Na+ and K+. These findings suggest the 
formation of a relatively strong complex with one molecule of the ligand 
complexing one metal cation in acetonitrile at 298.15 K.
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(iv) The conductometric curves of LI with Cs+ and Rb+ (Figs 3.11 and 3.12) do 
not show any significant change in curvature suggesting that very weak or no 
interaction occurs between this ligand and these metal cations in acetonitrile. They 
show zero slopes and without any indication of any slope at any given molar ratio 
indicating that there was no interaction between these cations and LI while for 
Ag+ (Fig. 3.13) the molar conductance change was low, suggesting a weak 
interaction of Ag+ with LI.
3.2.3.3 Conductom etric titrations o f bivalent metal cations with L I in 
acetonitrile at 298.15 K
Conductometric titrations were carried out in acetonitrile because acetonitrile is a 
poor solvator for most metal cations when compared with protic (alcohols) and 
dipolar aprotic solvents (DMF, DMSO). Therefore it offers a more suitable 
medium for the complexation process. The conductometric titration curves of 
bivalent metal cations with LI in acetonitrile at 298.15 K are shown in Figs 3.14 to 
3.21.
300.0
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E 260.00 - 
£ 240.00 -
220.00  -
200.00  -
180.00
0.00 0.50 1.00 1.50 2.00 2.50
[L1]/[Mg2+]
Fig. 3.14 Conductometric curve for the titration of Mg2+ (perchlorate as 
counter ion) with LI in acetonitrile at 298.15 K.
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Fig. 3.15 Conductometric curve for the titration of Ca2+ (perchlorate as 
counter ion) with LI in acetonitrile at 298.15 K.
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Fig. 3.16 Conductometric curve for the titration of Sr2+ (perchlorate as 
counter ion) with LI in acetonitrile at 298.15 K.
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Fig. 3.17 Conductometric curve for the titration of Ba2+ (perchlorate as 
counter ion) with LI in acetonitrile at 298.15 K.
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Fig. 3.18 Conductometric curve for the titration of Pb2+ (perchlorate as 
counter ion) with LI in acetonitrile at 298.15 K.
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Fig. 3.19 Conductometric curve for the titration of Zn2+ (perchlorate as 
counter ion) with LI in acetonitrile at 298.15 K.
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Fig. 3.20 Conductometric curve for the titration of Cd2+ (perchlorate as 
counter ion) with LI in acetonitrile at 298.15 K
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Fig. 3.21 Conductometric curve for the titration of Hg2+ (perchlorate as 
counter ion) with LI in acetonitrile at 298.15 K.
From the results shown in the conductometric titrations, it seems that LI shows a 
high affinity towards alkali and alkaline-earth metal cations in acetonitrile. It is 
also noticeable that LI shows a strong interaction with hard metal cations while 
with the Ag+ cation it shows a weaker interaction40. The shape of the 
conductometric titration curves of LI and bivalent metal cations (Figs.3.14 to 
3.21) in acetonitrile reflects the formation of moderately strong complexes. The 
composition of these complexes is 1:1 (ligand-metal cation). The conductance 
behaviour is similar to that found for LI and univalent metal cations in 
acetonitrile. Thus the molar conductance of the metal cation salt upon titration with 
the ligand starts to decrease until the stoichiometry of the complex is reached and 
remains constant from this point onwards.
The conductance plot confirmed the lR  NMR results for interaction of LI with 
bivalent metal cations. It is of interest to compare the results obtained with LI and 
metal cations in acetonitrile with those using an analogous ligand.
Tetramethyl ketone calix[4]arene is an analogue of LI since the two compounds 
contain ketone functional groups as their pendant arm so they are expected to show 
similar trends in their interaction with the metal cations.
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The conductance plots for L I and univalent metal cations showed a similar trend 
with tetra methyl ketone calix[4]arene. L I did not show interaction with Rb+ and 
Cs+ as reflected in the NMR spectra while the tetramethyl ketone calix[4]arene 
did not show interaction with Rb+, Cs+ and Zn2+.
LI Tetra methyl ketone calix[4]arene (TMK)
With the exception of Rb+, Cs+, Mg2+ and Zn2+ the conductance plots for the two 
ligands showed strong breaks at the stoichiometry of 1:1 ligand : metal cation 
ratio. While the tetra phenyl ketone (LI) showed complexation with Zn2+, the tetra 
methyl ketone did not show any complexation with this metal cation. Th^ 
conductometric titration plots for the two ligands with Ag+ show low interaction. 
For comparison purposes in Figs 3.22 and 3.23 the conductometric titration plots 
for tetra methyl ketone calix[4]arene155 and L I with Ca2+ and Zn2+ respectively in 
acetonitrile at 298.15 K are shown. The Ca2+ complex with tetra methyl ketone is 
strong as in L I while Zn2+ does not show any interaction with the tetra methyl 
ketone calix[4]arene but its interaction with L I in acetonitrile is weak.
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Fig. 3.22 Conductometric curve for the titration of Ca2+ (perchlorate as 
counter ion) with LI and TMK155 in acetonitrile at 298.15 K.
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Fig. 3.23 Conductometric curve for the titration of Zn2+ (perchlorate as 
counter ion) with LI and TMK155 in acetonitrile at 298.15 K.
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Having established the composition of the complexes by conductance 
measurements and being aware through previous work about the concentration 
range at which metal ion salts are predominantly in their ionic form in solution, the 
next section deals with the thermodynamics of cation complexation processes. 
Thus stability constant measurements using potentiometric titrations are first 
discussed.
3.2.3.4 Potentiometric determination of the stability constants of LI with the 
sodium and the silver metal cations in acetonitrile at 298.15 K.
The procedure for this titration has been discussed in the Experimental Part of this 
thesis. For silver and sodium, direct potentiometric titrations were carried out in 
acetonitrile at 298.15 K to calculate the standard potential, E°, and this was used to 
determine the stability constant and the Gibbs energy of complexation of LI with 
the silver and the sodium cations in acetonitrile at 298.15 K.
Standard potential, E°, of the electrochemical cell determination in 
acetonitrile at 298.15 K.
Figure 3.24 shows a plot of potential (mV) against -logio[Ag+] in acetonitrile at 
298.15 K.
-260 - -59.01X + 121.33 
R2 = 0.9909-210 -
-160 -
ui -110  -
-60 -
■10 -
4 4.1 4.2 4.3 4.4 4.5 4.6
-log[Ag*]
Fig. 3.24 Plot of E (mV) against -log[Ag+]
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The value of -59.01 mV for the slope in Fig. 3.24 corresponds to the Nemst 
constant for univalent cations and this was used for the titration of Ag+ and -59.49 
mV for Na (Fig. 3.26) with L I. The values for the slopes are close to the expected 
value from the Nemst equation of -59.16 mV for monovalent cations at 298.15 K.
Potentiometric data (Tables listed in Appendix A) were used for the determination 
of the stability constants of the complexes of L I with Ag+ and Na+ (perchlorate as 
counter-ion) in acetonitrile at 298.15 K. The titration curves, E (mV) versus 
[Ll]/[Ag+] ratio or E (mV) versus [Ll]/[Na+] in acetonitrile at 298.15 K are 
shown in Figs 3.25 and 3.27 respectively. The Ag+ cation forms a weak complex 
therefore it did not indicate a strong break point while for Na+ the break point was 
at the 1:1 stoichiometry. This is in accord with the results observed from 
conductometric titrations. The stability constants (log Ks) and derived standard 
Gibbs energies (ACG0) of complexation in acetonitrile at 298.15 K were calculated 
by the use of eqs. 2.34 and 2.47 respectively.
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Fig. 3.25 Potentiometric titration curve for Ag+ as perchlorate with LI in 
acetonitrile at 298.15 K.
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Fig. 3.26 Plot of E (mV) against -log10 [Na+].
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Fig. 3.27 Potentiometric titration curve for Na+ (as perchlorate) with LI in 
acetonitrile at 298.15 K.
The stability constants of L I with Ag+ (silver electrode) in acetonitrile at 298.15 
K, and for Na+ (sodium electrode) in acetonitrile at 298.15 K are presented
log Ks (Ag+ + L I) in MeCN = 3.5 ± 0.1; AGC° = -19.9 i  0.01 (kJ mol'1)
log Ks (Na+ + L I) in MeCN = 8.6 ± 0.2: AGC° = -48.9± 0.2 (kJ mol'1)
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3.2.3.5. Calorimetric measurements for the determination of the stability
constants and enthalpies of complexation of LI and metal cations in 
acetonitrile at 298.15 K.
Before proceeding with calorimetric titrations, the burette delivery rate (BDR) and 
the calorimeter were calibrated.
Burette calibration
This calibration was performed by calculating the burette delivery rate (BDR) of 
the calorimeter. BDR is calculated by measuring the weight of distilled water 
delivered by the burette as a function of time.
The volume (cm3) associated with the mass of water was calculated using the 
following equation: -
In eq. 3.6, V, m and/? denotes volume (cm3), mass (g) and density of water (g.cnf3) 
respectively. The burette delivery rate was calculated using eq. 2.15.
This technique has been described in the Experimental Section. Fig. 3.28 shows a 
plot o f volume against time in seconds for the burette delivery rate (BDR) The 
slope of the plot gives the BDR and this value was (6.7 ± 0.1) x 1 O’3 ml s'1.
121
(|U
i)A
Chapter 3 Results and Discussion
0.3000 -|
0.2500 - 
0.2000  -  
0.1500 - 
0.1000  -  
0.0500 -
0.0000 I  , , , ,----  ,----------- ,----------- ,----------- ,-----------,
° 5 10 15 20 25 30 35 40 45
t ( s )
Fig. 3.28 Plot of V (ml) against time (sec) for the determination of the burette 
delivery rate (BDR).
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Table 3.6 Data obtained for the determination of the burette delivery rate 
(BDR) for the Tronac 450 calorimeter at 298.15 K.
Weight of H20  (g) Time (s) Volume (ml) BDR ( m is 1)
0.04 5.77 0.04 6.63 x 10"3
0.05 8.07 0.05 6.70x1 O'3
0.07 10.27 0.07 6.70x JO"
0.09 13.77 0.09 6.62 x n r
0.12 17.30 0.12 6.69 x 10 "
0.15 22.65 0.15 6.68x10'"
0.16 24.20 0.16 6.67x10'"
0.20 29.89 0,20 6.70 x 10'"
0.23 35.01 0.23 6.68 x 10'"
0.25 38.29 0.26 6.66 x 10'"
0.28 42.00 0.28 6.71 x 10'"
The density of water is 0.9982 g cm'3 at 298 .15 K 153 the burette delivery rate was 
calculated using eq. 2.15 and this was used for the calorimetric titration 
calculations. The standard reaction involving fns[hydroxyl methylj-aminomethane 
(THAM) and an aqueous solution of hydrochloric acid was then performed to 
check the reliability of the Tronac 450 calorimeter.
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The standard  reaction involving the titration of THAM
The technique used for this process has been discussed in the Experimental 
Section.
The chemical calibration data for the calculation of the enthalpy of protonation, 
ApH of THAM with HC1 in water at 298.15 K is presented Table 3.7.
Table 3.7 Enthalpy of protonation of THAM, ApH in w ater a t 298.15 K.
V(miy q t(J ) \ qh(V Qtham (J)d AH (kJ m ol'1)6
0.271 -0.2616 . -0.0023 -0.2593 . -47.29
0.272 -0.2651 -0.0023 -0.2628 -47.71
0.272 -0.2633 -0.0023 -0.2610 -47.41
0.272 -0.2651 -0.0024 -0.2628 -47.29
0.273 -0.2669 -0.0024 -0.2645 -47.49
0.266 -0.2564 -0.0023 -0.2541 -47.23
0.272 -0.2633f -0.0023 -0.2610 -47.46
0.280 -0.2704 -0.0024 -0.2679 -47.30
0.290 -0.2808 -0.0025 -0.2783 -47.32
0.279 -0.2704 -0.0024 -0.2680 -47.42
a V, volume; b qt, total heat;c qh heat due to hydrolysis of water; 
d Q tham , corrected heat;e AH, enthalpy of protonation.
An average value for the enthalpy of protonation of THAM was calculated to be
(-47.6 ± 0.1) kJ mol'1. This value is in agreement with the value reported by 
Ojelund and Wadsô154 (-47.49 kJ mol'1) using the LKB reaction calorimeter.
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The next section reports the results obtained for the stability constant, log Ks and 
enthalpy of complexation of LI with metal cations in acetonitrile at 298.15 K 
obtained from titration calorimetry.
3.2.3.6 Thermodynamics of complexation of 5,ll,17,23-tetra-fer/-biityl- 
25,26,27,28-tetra(benzoyl)methoxycalix[4]arene (LI) with metal 
cations in acetonitrile at 298.15 K.
The thermodynamics of complexation of LI with metal cations will be discussed 
as follows
i) Complexation with univalent metal cations in acetonitrile at
298.15 K.
ii) Complexation with bivalent metal cations in acetonitrile at
298.15 K.
i) Thermodynamics of complexation of LI with univalent cations in 
acetonitrile at 298.15 K.
Having determined the composition of the complexes formed between this ligand
t
and univalent cations through conductance measurements and taking into account 
literature data40,55 on the range of concentrations at which perchlorate salts of alkali 
and silver metal cation salts are predominantly as ionic species in solution, 
thermodynamic studies were performed in acetonitrile at 298.15 K. Thus, Table 
3.8 lists the stability constants (log Ks), derived standard Gibbs energies, ACG , 
enthalpies, ACH° and entropies, ACS° of complexation of univalent metal cations 
(alkali and silver cations) and L I in acetonitrile at 298.15 K.
The stability constants for L I complexes of lithium, sodium and potassium in 
acetonitrile at 298.15 K were obtained from competitive titration calorimetry. 
Given that the stability constant of the A g-L l+ complex is well established, this 
system was then displaced upon titration with lithium, sodium or potassium metal
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cation. The stability constant for Na+-L l complex was established using 
potentiometric titration and competitive titration calorimetry.
Table 3.8 presents log Ks, ACG°, ACH°, and ACS° values for the complexation of L I 
and TMK with univalent metal cations in acetonitrile at 298.15 K.
Table 3.8 Thermodynamic parameters of complexation of LI and TMK with 
univalent cations in acetonitrile at 298.15 K.
LI and TMK with univalent cations in acetonitrile at 298.15 K.
Ligand Cation logK, AcGhCkJmof1) AcH^kJmof1) AcS^JK-1 mol"')
LI Li+ 8.1 ± 0.1 -47.6 ±0.1 -72 ±0.1 -82
TMKa Li+ 6.9 -39.4 -40.7 -4
LI Na+ 8.7b ±0.1 -49.8b± 0.1 -76 ±0.1 -88
TMKa Na+ 8.5 -48.5 -66.0 -59
LI K+ 8.0 ±0.1 -45.5 ±0.1 -67 ±0.1 -72
TMKa K+ 4.8 -27.4 -37.2 -33
LI Ag+ 3.4b ± 0.1 
»
-19.2b ± 0.1 -36 ±0.1 -56
TMKa Ag+ 2.8 -16.0 -15.7 1
a From Ref. 155.
b Average of potentiometric and calorimetric titrations for this thesis.
The data reported in Table 3.9 is for the complexation of sodium and silver with 
LI by potentiometric titrations in acetonitrile are compared with those previously 
reported by Kowalska47’155 for the same ligand using the same technique.
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Table 3.9 Comparison of thermodynamic data for L l-N a+ and Ll-A g+ 
complex.
log Ks Ac G°(kJmor1) Ac^CkJmoV1) AcS^JK*1 mol'1)
Reported Na+ 8.7a± 0.1 -49.8* ±0.1 -76.0C± 0.1
oooo
Kowalska 8.9* -50.7* ± 0.1 -76.0C ± 0.2 -85°
Reported Ag+ 3.4* ±0.1 -19.2*± 0.1 -36.6° ±0.1 U
i
C
O
Kowalska 3.3* -17.2* ± 0 n/ad n/ad
8 average of potentiometric and calorimetric titrations, 
b potentiometric titration,c calorimetry,d values not available.
Good agreement is found between the log Ks values reported by Kowalska155 for 
the silver and sodium cations and L I in acetonitrile and those reported in this 
work.
From the data reported in Table 3.8 it seems that L I does not recognise selectivity 
among the smaller alkali-metal cations (Li+, Na+, K+) since small differences are 
found between the log Ks values. However this ligand discriminates against the 
largest alkali-metal cations such as Rb+ and Cs+ but is able to enter weak 
interaction with the silver cation in acetonitrile at 298.15 K. The results show in all 
cases that the complexation process involving univalent cations and L I is 
enthalpically controlled and entropically destabilized.
Comparing the stability constant values for alkali metal cation complexes of tetra 
phenyl ketone calix[4]arene (LI) with the values for the tetra methyl ketone 
calix[4]arene, TMK and these cations in acetonitrile reported by Kowalska55,155 it 
can be said that the tetra phenyl ketone calix[4]arene forms stronger complexes 
with lithium and potassium. For the sodium complexes the values are within the 
same range of 8.7 ±0 . 1  reported and 8.5 reported by Kowalska for TMK. The 
strength of complexation of L I and univalent cations in acetonitrile at 298.15 K 
follows the sequence Na+ > Li+ > K +> Ag+.
127
Chapter 3 Results and Discussion
From values in Table 3.8 it can be seen that although no significant differences are 
found between the stability contants of these two ligands with the sodium cation in 
acetonitrile, the enthalpic and entropie contributions differ significantly as a result 
of a compensation effect between these two parameters which leads to almost the 
same complex stability. However it is striking to find that the complexation 
process of this cation and LI is enthalpically more favoured and entropically more 
destabilized for LI than for TMK in this solvent.
Values in Table 3.8 provide evidence that for all univalent cations and LI in 
acetonitrile, the process is enthalpically more stable and entropically more 
destablized than for the complexation of the same cations and TMK in this solvent. 
In fact the opposite trend was expected given that the carbonyl oxygen in TMK is 
more electronegative than that in LI due to the higher electron withdrawing effect 
of the phenyl group in the pendant arm of LI relative to the methyl group in TMK. 
It is therefore likely that additional interactions are involved in the complexation of 
LI with these metal cations relative to TMK and these cations in this solvent.
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Fig. 3.29 Plot of Gibbs energies of complexation (ACG°) of LI and univalent 
metal cations against Gibbs energies of solvation (AsoivG°) in acetonitrile at 
298.15 K.
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During the complexation process there is a competition between the ligand and the 
solvent molecules for the cation. However, cation desolvation and ligand binding 
energy play a major role in the complexation processes. The balance of these two 
processes contributes significantly to the stability of complex formation. 
Therefore, an attempt is made to correlate the stability (Gibbs energy of 
complexation, ACG°) values of LI and univalent metal cations in acetonitrile at
298.15 K against the Gibbs energies of solvation, AsoiG°8,156 as shown in Fig 3.29. 
The plot demonstrates that the binding forces and desolvation forces are strongly 
compensated to the extent that a selectivity peak is hardly detected. Unlike LI, the 
tetramethyl ketone derivative in its complexation with alkali metal cations in 
acetonitrile at 298.15 K showed a selectivity peak with a maximum stability for 
Na+ as reflected in Fig. 3.30.
-250-300■350-400-450-500
-10 -
Ag+ ♦
-20 -
o
E
5
K+ -30 -
e>
<
-40 -
-50 -
Na+
-60 J
Fig. 3.30 Plot of Gibbs energies of complexation (ACG0) of p-tert- 
butylcalix[4] arene tetramethyl ketone and univalent metal cations against 
Gibbs energies of solvation (ASoivG°) in acetonitrile at 298.15 K
Fig. 3.31 presents the plot of enthalpies of solvation of univalent cations against 
enthalpies of complexation in acetonitrile at 298.15 K. This plot does not 
show a high selectivity peak for Na+ in this solvent. It means that the Gibbs 
energy is not entirely controlled by the enthalpy but there is an entropie 
contribution.
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Fig. 3.31 Plot of enthalpies of solvation (ASoivH0) of univalent metal cations 
against enthalpies of complexation (ACH0) of these cations and LI in 
acetonitrile at 298.15 K.
The thermodynamics of complexation of LI and bivalent cations is discussed in 
the next Section
(ii) Thermodynamic of complexation of LI and bivalent metal cations in 
acetonitrile at 298.15 K.
lH  NMR measurements showed that LI is* able to interact with bivalent cations in 
acetonitrile. The composition of the metal complexes in this solvent was 
determined by conductance measurements. In order to obtain a quantitative 
measurement on the stability of these complexes and the contribution of the 
enthalpy and entropy to the strength of complexation, thermodynamic data were 
determined by direct (log Ks values lower than 6) or competitive (log Ks values > 
6) titration calorimetry. Thus Table 3.10 lists log Ks values and derived standard 
Gibbs energy of complexation ACG°, enthalpy, ACH° and entropy, ACS° data for 
alkaline-earth metal cations (Mg2+, Ca2+, Sr2+ and Ba2+), transition, Zn2+ and heavy 
metal cations (Cd2+, Pb2+ and Hg2+) and their interaction with LI in acetonitrile at
298.15 K. The standard deviation of the data is also included in Table 3.10. The 
results show that in terms of stability constants (hence ACG° values) LI is not able
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to distinguish between Ca2+, Sr2+, Ba2+’ Cd2+, Pb2+ and Hg2+ in acetonitrile since 
there are not significant differences in the log Ks values shown in Table 3.10.
Given that these values are the result of different enthalpic and entropie 
contributions it follows that except for Mg2+ and Zn2+ full compensation occurs 
between ACH° and ACS° values for this ligand (LI) in its interaction with these 
cations in this solvent. This is best reflected in Fig 3.32 where the enthalpies are 
plotted against the entropies of complexation.
For comparision purposes thermodynamic data for an analogous ligand, TMK and 
these bivalent metal cations in acetonitrile are also included in Table 3.10. Except 
for Ca2+ and Pb2+ the stability of these complexes is higher for L I than for TMK in 
this solvent. In the case of Ca2+ and Pb2+ the higher stability of TMK relative to L I 
is due to the more favourable entropy for the former relative to the latter in this 
solvent given that in both cases the process is enthalpically more favourable for L I 
than for TMK.
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Table 3.10 Thermodynamic param eters of complexation of L I and TM K with 
bivalent metal cations in acetonitrile at 298.15 K.
Ligand Cations log Kg AcG°(kJmol'^ AcH°(kJmor') Ac S°(JK' 1 m o ï l)
LI Mg"" 4.5 ± 0.1a -25.7±0.1 20.8  ± 0.2 156
TMKC Mg'+ 3.3 -19.0 48.3 225
LI C a^ 8.9 ± 0.2b -50.8 ±0.1 -85.9 ±0.1 -118
TMKC C a^ 12.2 -69 -65 14
LI 8.6 ± 0 .2b -49.1 ±0.1 -72.0 ±0.1 -77
TMKC Sr^ 7.9 -45 -50 16
LI B a^ 8.7 ± 0.2b -49.7 ±0.1 -57.5 ±0.1 -26
TMKC B a^ 5.1 -29 -37 -28
LI Cd2+ 8.3 ± 0.2b -47.4 ±0.1 -60.4 ±0.01 -44
TMKC Cd2+ 6 .6b -38 -23 50
LI Zn2+ 5.0 ±0.1* -28.5 ±0.2 9.1 ±0.1 126
TMKC Zn2+ No complexation t
LI Pb2+ 8.8 d= 0 .2^ -50.2 ±0.1 -99.8 ±0.1 -166
TMK° Pb2+ 9.3^ -53 -63 -32
LI Hg2+ 8.5 d= 0.2^ -48.5 ±0.1 -60.1 ± 0.1 -39
TMKC Hg2+ 5.9 -34 -30 13
a direct calorimetric titration; b competition calorimetric titration;c Ref. 155
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Fig. 3.32 Plot of entropies of complexation, ÀCS° against the enthalpies of 
complexation of LI with bivalent metal cations in acetonitrile at 298.15 K.
However for Mg2+ and Zn2+ the interaction of LI with these cations is weaker than
those above discussed. For these systems the complexation process is entropically
controlled and enthalpically destabilised (positive ACH° values). Processes
entropically controlled are often the result of a strong desolvation of the cation
upon complexation with the ligand and this may be the case given that the
hydration energy of these ions is relatively high as compared with other cations
considered in this work.
*.
Thus in order to assess the solvation effect of the cation upon complexation, ACG° 
values for bivalent against Gibbs energies of hydration of these cations157 are 
plotted in Fig. 3.33. Strictly speaking, the solvation Gibbs energies should be used. 
These are the result of the two processes
i) The hydration Gibbs energy, AhG°, process is represented by eq. 3.7.
■ > M 2*(H20)  eq. 3.7
ii) The transfer Gibbs energy, AtG0 of the metal cation from water to acetonitrile 
(eq. 3.8).
M 2+{H20) A'G° >M 2*(MeCN) eq. 3.8
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Fig. 3.33 Plot of Gibbs energies of complexation (ACG°) of LI and bivalent 
metal cations against Gibbs energies of hydration (AhydG°) in acetonitrile at 
298.15 K.
Given that (i) AtG° values for bivalent cations are only available for a few ions
(ii) The trend in the AsoivG° values is the same as that for AhydG° mainly due to the 
fact that AhG0(M2+) (H20 —>MeCN) values are relatively small as compared with 
the AhydG°. Therefore the use of AhydG° instead of ASoivG0 is quite justified. Thus 
Fig.3.33 shows a plateau rather than the selectivity peak observed in the analogous 
ligand namely j?-fgrf-butylcalix[4] arene tetra methyl ketone derivative (TMK) 
presented in Fig. 3.34. The two forces (binding and desolvation) in this figure are 
partially compensated showing no selectivity peak but a plateau.
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Fig. 3.34 Plot of Gibbs energies of complexation (ACG°) of p-tert- 
butylcalix[4] arene tetra methyl ketone and bivalent metal cations against 
Gibbs energies of hydration (AhG0) in acetonitrile at 298.15 43K.
An analysis in terms of enthalpy values for LI and bivalent cations in acetonitrile 
is carried out. Thus enthalpies of complexation, ACH° values are plotted against 
enthalpies of hydration, AhH0 values for these cations157’169 (Fig. 3.35) and these 
are shown in the plot. The results show the existence of a selectivity peak with a 
maximum enthalpic stability for the calcium cation. Thus from Ba2+ to Ca2+ the 
binding process predominates over the desolvation process and therefore the 
enthalpic stability increases. However as the hydration enthalpy of the cation 
increases from Ca2+ to Zn2+ the desolvation process predominates and 
consequently the enthalpic stability decreases. These data show that the stability of 
these complexes is not only controlled by the enthalpy but the entropy plays a 
significant role. This statement is corroborated by Fig. 3.36 in which the entropy of 
complexation of LI and bivalent cations in acetonitrile against the entropy of 
hydration of these cations are shown.
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Fig. 3.36 Plot of entropies of complexation (ACS°) of (LI and tetramethyl 
ketone calix[4] arene) and bivalent metal cations against entropies of 
hydration (AhS0) in acetonitrile at 298.15 K.
On the basis of the above discussion the following conclusions can be made
1. lR  NMR studies of LI in CD3CN at 298 K showed the conformation that this 
ligand adopts in this solvent. The chemical shift changes observed for the axial 
and equatorial protons were observed. More pronounced chemical shift 
changes for these protons were observed for the bivalent than for the univalent 
cations. The difference in A8ax_eq suggests that the ligand conforms to a 
flattened ‘cone’ conformation and interacts with CD3CN solvent molecules at 
the hydrophobic cavity.
2. Solubility studies involving LI. in different solvents at 298.15 K showed that 
the addition of phenyl substituted units in the pendant arm of the calixarene 
ketone derivative has a considerable effect on the solubility of the ligand. In 
protic solvents like methanol and ethanol, the solubility increases as the 
number of aliphatic chains is increased. In dipolar aprotic solvents (MeCN and
137
Chapter 3 Results and Discussion
DMF and DMSO), the highest solubility was observed for DMSO since the 
ligand is solvated in DMF but the solubility in MeCN is rather low.
3. The degree of solvation for L I in one solvent relative to acetonitrile was 
assessed from the transfer Gibbs energy from the latter relative to another. The 
solvation of L I in acetonitrile is relatively low as compared to other solvents.
4. Conductometric titrations of Li+ K+, Na+ and Ag+ salts with L I in acetonitrile 
showed the formation of 1:1 (ligand/metal cation) complexes. However, Cs+ 
and Rb+ are unable to form 1:1 (ligand/metal cation) complexes with this 
ligand.
5. Strong complex formation between L I with alkaline-earth cations were found 
in acetonitrile at 298.15 K. This is attributed to the affinity of the hard donor 
atoms (ethereal and carbonyl oxygens of these ligands) to interact with hard 
cations (alkaline-earth metal cations).
6 . A plot of standard Gibbs energies of complexation of L I, with univalent metal 
cations in acetonitrile at 298.15 K against the standard solvation Gibbs energy 
of the cation showed that L I lacks a strong selectivity for Na+. A plot of 
standard Gibbs energies of complexation of L I with bivalent metal cations in 
acetonitrile at 298.15 K against the standard Gibbs energy of cation hydration 
does not show a selectivity peak in this solvent.
«
Having become familiarized with the various analytical procedures currently used, 
taking calix[4] arene derivative as the starting point in this thesis, two new 
resorearene derivatives were synthesized, characterized and their complexing 
properties with metal cations were investigated. These are discussed in the next 
Section.
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Section 2
3.3 The Resorearene Derivatives, (5,11,17,23-Diethylamine-
calix[4] resorearene and 4,6,10,12,16,18,22,24-diethylthiophosphate- 
calix[4]resorearene) and their interaction with metal ions in organic 
media.
Having accomplished the research on calixarenes and metal cations, this 
Section involves the resorearene derivatives. Results and discussion are 
presented in the following order
i) Synthesis and characterisation NMR and X ray crystallography) of
5,11,17,23-diethylamine calix[4]resorearene, L3.
ii) Solubility studies of L3 in various solvents at 298.15 K.
iii) Complexation studies, of L3 with metal cations and anions in MeCN, 
DMSO and DMF. .
iv) Synthesis and characterisation (lJl NMR and X ray crystallography) of 
4,6,10,12,16,18,22,24 diethyl thiophosphate calix[4]resorcarene, L4.
v) .Solubility studies of L4 in various solvents at 298.15 K.
vi) Complexation studies of L4 with metal cations in MeCN at 298.15 K.
vii) Conclusions on resorearene derivatives and their complexation with
cations.
i) Synthesis and characterisation NMR and X ray crystallography) of 
5,11,17,23-diethylamine calix[4] resorearene, L3
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OHho.
3
Fig. 3.37 Resorearene, (L2)
The synthesis of the calix[4]resorcarene, L2 (Fig. 3.37) starting material was 
accomplished as described in the Experimental Section following the Neiderl-
o  C  1
Hogberg procedure using resorcinol and acetaldehyde in acidic media. The H 
NMR spectrum of L2 in d6-DMSO shows five signals corresponding to the 
phenolic protons (singlet, downfield), the aromatic protons (two singlets, 
downfield), 6.75 ppm (s, 1H, H -l) and 6.16 ppm (s, 1H, H-2) and the bridge 
protons which corresponds to 1.31 ppm (d, 3H, H-3) and 4.45 ppm (q,lH, H-4) 
(downfield) and a broad band at 8.55 ppm ( OH, H-5). This compound was then 
used for the synthesis of resorearene derivatives.
The synthesis of 5,11,17,23 diethylamine calix[4]resorcarene, L3 was described in 
the Experimental Section. Characterisation of L3 was carried out by H NMR, 
microanalysis and X ray crystallography. Fig. 3.38 presents the structure of L3 and 
Fig. 3.33 is the NMR spectrum of this ligand in CDC13 at 298 K.
OHHO
Fig. 3.38 The 5,11,17,23 diethylamine calix[4] resorearene.
3.3.1 NMR characterization of L3 in CDC13 at 298 K.
The NMR spectrum of 5,11,17,23 diethylamine calix[4]resorcarene, in CDC13 
at 298 K is presented in Fig 3.39.
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Fig. 3.39 NMR spectrum of 5,11,17,23-diethylamine tetra-tert-
butylcalix[4] resorearene in CDC13 at 298 K.
The spectrum shows a signal at 3.82 ppm corresponding to the protons located
between the aromatic ring and nitrogen (H-4) .The two signals observed at 2.61
♦
ppm and 1.13 ppm are those for protons 5 and 6 that are found on the terminal 
ethyl amine group respectively. There was full substitution at the para position and 
this statement is corroborated by the presence of one signal for the aromatic 
protons of the resorearene at 7.26 ppm.
The quartet at 4.57 ppm is for the methylene bridge proton and the doublet at 1.73 
ppm belong to the CH3 attached to the bridge. The OH proton appears as a broad 
band at 10.2 ppm.
Microanalysis results were reported in the Experimental Part.
Attempts to isolate suitable crystals for X ray characterisation of the ligand in the 
solid state were successful and this is now discussed.
141
Chapter 3 Results and Discussion
3.4 X ray crystallography of diethylamine resorearene (L3)
X ray crystallographic studies were carried out by Prof. E. Castellano at the 
Universidade de Sào Paulo, Brazil and Dr O. Piro at the Universidad Nacional de 
La Plata, Argentina. The crystal structure of L3 shows a molecule of acetonitrile in 
the bowl and this is in good agreement with reported work50,107 that resocarenes 
and calixarenes are able to host solvent molecules in their cavity upon 
crystalization, (Fig. 3.40. Interionic bond distances (A) and angles (°) of L3 are 
shown in Tables 16 and 17 of Appendix B.
The calix[4]resorcarene adopts a wide open ‘cone’ conformation with nearly 04- 
symmetry and includes an acetonitrile solvent molecule with its methyl group 
pointing inward. The calix[4]resorcarene shape can be described by the dihedral 
angles (8) that the phenyl rings subtend with the plane through the four carbon 
atoms of the CHCH3 groups linking them. The corresponding 8 -values are 
8i=126.42(7), 82= 124 .79 (5), 83= 126 .94(8) and 84= 127 .32 (8)° (obtuse 8-values 
indicate phenyl rings tilted so that their apical carbon atoms are directed away 
from the calix). The inter-planar angle between the pair of opposite phenyl rings 
belonging to the monomers labelled 1 and 3 (see Fig.3.40) is 73.36 (7)°, while the 
other pair of opposite rings (2 and 4) subtend a dihedral angle of 72.11(9)°. The 
Corresponding cross-distances between apical carbon atoms at the 
calix[4]resorcarene upper bore are d(C14...C34)=8.565(4)Â and 
d(C24...C44)=8.524(4) À. This almost perfect cone conformation is stabilized by 
eight intra-molecular H-bonds in the upper rim. This H-bonding structure follows a 
cyclic pattern. One of the phenol oxygen on a given monomer acts as donor in a O- 
H ...0  bond [ 0 . . .0  distances in the 2.670-2.714 À range and 0 -H ...0  angles in 
the 163.0-175.6° interval] with the neighbouring monomer on one side, while the 
other phenol oxygen acts both as an acceptor of a O-H.. .0  bond with the adjacent 
monomer on the other side and as donor in a O-H...N bond [O...N distances in 
the 2.553-2.575 Â range and O-H...N angles in the 147.8-149.7° interval] with the 
amine N-atom of the pendant group on the same monomer. Further details of the 
H-bonding structure are provided in appendix B.
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A second acetonitrile molecule is outside the lower bore, nearly along the 
resorearene axis and with the same orientation as the included acetonitrile 
molecule. Fig. 3.40 presents the side view of the diethylamine calix[4]resorcarene 
-acetonitrile complex-
Fig. 3.40 Side view of diethyl amine calix[4]resorcarene-acetonitrile adduct 
showing the labeling of the non-H atoms and their displacements ellipsoids at 
the 30% probability level.
For clarity, only one monomer has been completely labelled to show the 
numbering scheme. H-bonds are indicated by dashes lines. The drawing includes 
the crystallization acetonitrile molecule.
Having characterized the ligand L3 by !H NMR, microanalysis and X ray 
crystallography, solubility measurements were carried out and these are discussed 
in the next Section.
N2
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3.4.1 Solubilities and standard Gibbs energies of solution in various solvents 
and transfer of 5,11,17,23 diethylamine- calix[4]resorearene from acetonitrile 
to other solvents at 298.15 K.
In order to investigate the ability of ligand L3 to complex cations, the solution 
properties of the ligand were studied in various solvents. Solubility data and 
derived standard Gibbs energies of solution in various solvents at 298.15 K are 
presented in Table 3.11. Taking acetonitrile as the reference solvent, transfer Gibbs 
energies, AtG° to other solvents were calculated. Solubility data are the average of 
several analytical measurements carried out in triplicate on the same saturated 
solution
Table 3.11 Solubilities, standard Gibbs energies of solution and standard 
Gibbs energy of transfer, AtG° of L3 from acetonitrile to other solvents at 
298.15 K.
Solvent Solubility (mol.dm"3) ASG° (klmol"1) AtG0 (kJ.moF1)
(MeCN—»s)
EtOH (2.3 ± 0 .1) x 10"^ 15.1 ±0.1 -4.8
MeOH (2:8 ± 0.1) x 10'3 14.6 ±0.1 -5.3
DMF (2.3 ± 0.2) x 10-2 9.4 ±0.2 -10.5
Hex (3.1 ± 0.2) x IQ-* 20.0 ± 0.2 0.11
DMSO (1.8 ± 0.2) x 10-2 10.0 ± 0.1 -9.9
Toi (2.5 ± 0.2 ) x 10"2 9.1 ±0.2 -10.8
MeCN (3.3 ± 0.1 )x  10-4 19.9 ±0.1 0
CHC13 Solvate formation - -
DCM Solvate formation - -
THF Solvate formation - -
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Abbreviations; Ethanol, EtOH; Methanol, MeOH; Dimethylsulfoxide, DMSO; Acetonitrile, MeCN; 
Hexane, Hex; N, A-dimethyIformamide, DMF; Toluene, Toi; Chloroform, CHC13; Dichloromethane, DCM; 
Tetrahydrofuran, THF.
Solvate form ation. was observed in chloroform, dichloromethane, and 
tetrahydrofuran. As a result ASG° of L3 in these solvents could not be calculated 
since the derivation of ASG° requires the same composition for the solid in 
equilibrium with its saturated solution149. ASG° values for this ligand in toluene and 
MTV-dimethyl formamide are approximately the same. As far as these solvents are 
concerned the ligand appears to undergo the same extent of solvation. Judging 
from the AtG° values in Table 3.11 it seems that the solvation trend for the ligand 
follows the sequence.
Toi = DMF = DMSO > MeOH > EtOH >MeCN = Hex
Taking into account the classification of solvents as dipolar aprotic (DMF, DMSO, 
MeCN), protic solvents (MeOH, EtOH, H20 ) and inert solvents (Hex, Toi), it 
seems that protophilic dipolar aprotic solvents such as DMF and DMSO are better 
solvators than protophobic (MeCN) and protic solvents (MeOH, EtOH). These 
may be attributed to the basic character of these solvents and the possibility of 
interaction between the basic oxygen of the solvent and the free OH groups of the 
ligand through hydrogen bond formation.
Following solubility studies, ^  NMR measurements were carried out to assess the 
solvent-L3 and Ion-L3 interactions with metal cations in CD3CN and d6 DMSO at 
298 K.
3.5 Solvent-ligand interactions and complexation of L3 with ionic species 
in dipolar aprotic media.
The solubility of L3 in acetonitrile (Table 3.12) is much lower than in N,N- 
dimethylformamide and dimethylsulfoxide. Therefore complexation studies were 
also carried out in the latter solvent. In the next section lR  NMR studies are 
reported in the following sequence
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i) NMR data of L3 in different solvents. The medium effect.
ii) Interaction of L3 with univalent cations in CD3CN and d6-DMSO at 298 
K.
iii) Interaction of L3 with bivalent cations in CD3CN and d6-DMSO at 298 
K.
iv) Interaction of L3 with anions in CD3CN at 298 K.
i) H NMR data of L3 in different solvents. The medium effect.
Table 3.12 presents the l¥L NMR chemical shifts of L3 in CD3CN and dg 
DMSO at 298 K.
Table 3.12 Chemical shifts (ppm) of L3 in different solvents at 298 K. 
Chemical shift changes (ppm) relative CDC13
OHHO
L3
Solvent H-l H-2 H-3 H-4 H-5 H -6
CDC13 7.26 4.57 1.73 3.82 2.61 1.13
CD3CN 7.28 4.49 1.70 3.86 2.56 1.05
dg-DMSO 7.49 4.37 1.67 3.77 2.63 1.09
Àô values relative to CDC13 (ppm)
c d 3c n 0.02 -0.08 -0.03 0.04 -0.05 -0.08
d6-DMSO 0.23 -0.20 -0.06 -0.05 0.02 -0.04
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The changes observed in Table 3.12 suggest that solvent-ligand interactions do not 
differ considerably from one solvent to another158’159 except in the case of H-I 
where a significant downfield shift is observed in d6-DMSO with an up field shift 
found in H-2. The probability of hydrogen bond formation between the hydroxyl 
protons and the basic oxygens of DMSO cannot be ruled out. The OH proton did 
not appear in CD3CN but appears as a broad band in d6-DMSO at 8.55 ppm.
ii) Interaction of L3 with univalent cations in CD3CN and d6-DMSO
!H NMR studies.
Tables 3.13 and 3.14 list the chemical shift changes observed for L3 upon 
addition of univalent metal cations salts in CD3CN and d6-DMSO respectively.
Table 3.13 H NMR chemical shift changes (ppm) of L3 by addition of 
univalent metal cations in CD3CN at 298 K.
OHHO
H-l H-2 H-3 H-4 H-5 H-6
L3 7.28 4.49 1.70 3.86 2.56 1.05
Li+ 0.05 -0.04 0.00 -0.11 0.00 0.04
Na+ 0.02 -0.01 0.04 0.02 0.02 0.02
K+ 0.02 0.00 0.02 0.00 0.00 0.02
Rb+ 0.00 -0.01 0.00 0.01 0.02 0.00
Cs+ 0.01 0.01 0.04 -0.01 0.02 0.01
Ag+ No signal 0.45 0.03 0.87 0.41 No signal
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Table 3.14 NMR chemical shift changes (ppm) of L3 by addition of 
univalent metal cations in DMSO at 298 K.
H -l H-2 H-3 H-4 H-5 H-6
L3 7.26 4.57 1.73 3.82 2.61 1.13
Ag+ No signal No signal No signal No signal No signal No signal
Li+ -0.02 0.00 0.00 0.00 0.02 0.00
Na+ 0.00 0.01 0.007 0.023 0.03 0.003
K+ 0.00 0.00 0.00 0.00 0.00 0.00
The results in Tables 3.13 and 3.14 show that L3 does not interact with the alkali 
metal cations in either CD3CN or d6-DMSO. Significant chemical shift changes are 
observed on addition of the silver salt to L3 in CD3CN. These changes are 
reflected in the bridge proton H-2, as well as in H-4 and H-5 while H -l and H-6 
showed no signals indicating that the nitrogen and possibly the oxygen atoms are 
likely to provide the sites of interaction of silver with L3. For d6-DMSO there was 
no signal for all the protons suggesting a strong interaction of this ligand with the 
Ag+ cation in this solvent.
In the following section lH NMR data for L3 and bivalent cations in CD3CN and 
d6-DMSO at 298 K are listed (Tables 3.15 and 3.16).
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iii) Table 3.15 H NMR chemical shift changes (ppm) of L3 by addition of 
bivalent metal cations in CD3CN at 298 K.
H-l H-2 H-3 H-4 H-5 H-6
L3 7.28 4.49 1.70 3.86 2.56 1.05
Mg'\ 0.13 -0.40 No signal 0.75 -0.43 0.15
Ca^ 0.00 0.00 0.05 0.04 0.58 0.10
0.02 -0.02 0.00 -0.12 0.18 0.06
Ba2+ 0.003 No signal 0.00 0.69 0.60 0.68
Zn  ^ - -0.21 -0.01 0.07 No signal 0.53 0.19
Cd2+ 0.08 0.45 0.03 0.35 0.43 0.14
HgT No signal No signal No signal 0.32 No signal -0.02
Pb2+ 0.12 0.34 No signal 0.30 0.41 0.00
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Table 3.16 NM R chemical shift changes (ppm) of L3 by addition of 
bivalent metal cations in d6-DMSO at 298 K.
H-l H-2 H-3 H-4 H-5 H-6
L3 7.26 4.57 1.73 3.82 2.61 1.13
M g" 0.00 0.00 0.00 0.01 0.01 0.00
Ca" -0.01 0.00 0.00 0.00 0.03 0.01
Sr" 0.00 0.01 0.00 0.00 0.01 0.01
Ba" 0.00 0.00 0.00 0.00 0.01 0.00
Zn" -0.03 0.05 0.02 0.06 0.05 0.05
Cd" 0.03 0.00 0.01 0.02 0.03 0.00
H g ^ No signal No signal No signal No signal No signal No signal
Pb" 0.000 0.00 0.00 0.00 0.01 0.00
As far as bivalent metal cations in CD3CN are concerned, significant changes were 
observed for the ligand protons upon the addition of the bivalent cation salts 
(Mg2+, Ca2+, Sr2+, Ba2+, Zn2+, Cd2+, Hg2+ and Pb2+) as shown in Table 3.15. The 
most significant changes were observed for H-4, H-5 and H-6 . Distortion in the 
spectra of L3 was observed upon the addition of Hg2+ and some of the peaks for 
other bivalent metal cations which did not allow the detection of all the proton 
signals. Therefore, the nitrogen and oxygen donor atoms appear to take part in the 
complexation process involving L3 with these metal cations in CD3CN, although it 
is very difficult from these data to identify the participation of all donor atoms in 
the complexation process involving each individual cation in this solvent.
In d6-DMSO, (Table 3.16) Hg2+ was the only bivalent metal cations that showed 
any significant chemical shift upon addition of an excess of this metal cation salt to 
the solution of the ligand. In fact the peaks for Hg2+-L3 complexation were all 
distorted thereby suggesting a strong complexation. The most relevant information 
from these data is the solvent effect on the complexation process. The fact that
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significant chemical shift changes take place by the addition of the metal cation 
salt in CD3CN while in d6 DMSO the only cation which seem to interact with the 
ligand is Hg2+ is indicative that
(i) Either acetonitrile sits in the cavity of L3 as observed in X ray 
structure of the ligand (although not necessarily will the structure 
in the solid state mirror that in solution) and pre-organise the 
ligand to interact with the cation
or
(ii) The solvent-ligand interaction in dg DMSO blocks the 
active sites for cation-ligand interaction.
iv) 1H NMR investigations on the complexation of L3 with anions (as tetra-n- 
butyl ammonium salts) in GD3CN at 298 K.
The presence of the OH functional groups in the structure of L3 led to an 
investigation on the interaction of this ligand with anions in CD3CN at 298 K 
(Table 3.17). Chemical shift changes (AS in ppm) taking place by the addition of 
uni (halides and N 0 3"), bi (S042“) and trivalent (P043') anions in CD3CN relative to 
the free ligand are shown in Table 3.17. Significant chemical shift changes are 
observed in H -l, H-2, H-5 and H -6 protons when the fluoride salt (as tetra-n-butyl 
ammonium) was added to the ligand.
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Table 3.17 Shows ^  NM R chemical shift changes (ppm) for diethylamine 
resorearene with anions in CD3CN at 298 K.
OHHO
1 2 3 4 5 6
L3 7.27 4.47 1.68 3.87 2.55 1.05
NO3- 0.01 0.15 0.07 0.01 0.01 0.07
SO/" 0.01 0.06 No signal 0.03 -0.05 0.02
P (V 0.02 0.03 No signal 0.00 0.00 0.00
c r 0.02 0.02 No signal 0.03 -0.03 -0.03
r 0.00 0.00 No signal -0.01 0.02 -0.01
F 0.364 1.14 No signal -0.12 0.30 0.24
As far as the anions were concerned in CD3CN at 298 K, F" was the only anion 
which showed significant chemical shift changes in all the protons. While H-4 was 
shielded, H-5 and H-6  were deshielded. With the exception of NO3" all the anions 
showed no signal at H-3 on interaction with L3. For the N 0 3' anion a chemical 
shift change was observed for the H-2 proton only.
An attempt was made to correlate AS (ppm) values of H-4 and H-5 with the ionic
47 Oradii of the bivalent metal cations . A plot of the ionic radii (A) against AS (ppm) 
for H-4 and H-5 is presented in Fig.3.41. As the cation size increases from Mg2+
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through Cd2+ and to Ca2+, the AS values for the H-4 and the H-5 protons slightly 
increases and then it starts increasing from Sr2+ to Ba2+ which has the largest cation 
size.
0.8 n
- 0.8
0.5 0 .7  0.9 1.1 1.3 1.5
Ionic radii
Series 1 = H-4; Series 2 = H-5.
Fig. 3.41 Plot of ionic radii of cations (Â) against the chemical shift changes of 
the H-4 and the H-5 protons in CD3CN.
Conductometric titrations were carried out to ascertain the stoichiometry of the 
cation complexation process and this is presented next.
3.5.1 Conductometric titrations of L3 with ionic species
These titrations were carried out with the aim of establishing the composition of
the complexes and will be discussed in the following sequence.
i) Conductometric titration of silver (as perchlorate) with L3 in
acetonitrile, dimethyl sulfoxide and N,N dimethyl formamide at
298.15 K.
ii) Conductometric titration of bivalent metal cations and L3 in acetonitrile 
and for Hg2+ and L3 in dimethyl sulfoxide at 298.15 K.
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iii) Conductometric titration of fluoride with L3 in acetonitrile at 298.15 K.
i) Conductometric titrations of univalent metal cation (Ag+) 
with L3 in acetonitrile, dimethyl sulfoxide, N,N-dimethyl- 
formamide at 298.15 K.
Figs 3.42 and 3.44 show the conductometric curves (plots of Am vs 
[L3]/[Ag+]) for the titration of silver (as perchlorate) in acetonitrile, 
dimethyl sulfoxide and N,N-dimethyl formamide .
220.00 
■C  210.00 
| 200.00 
V  190.00  
180.00  
I  170.00
160.00
Fig. 3.42 Conductometric curve for the titration of Ag+ (perchlorate as 
counter-ion) with L3 in acetonitrile at 298.15 K.
1.00 1.50 2.00 2 .500.50i.OO
[L3]/[Ag+]
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Fig. 3.43 Conductometric curve for the titration of Ag+ (perchlorate as 
counter-ion) with L3 in DMSO at 298.15 K.
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Fig. 3.44 Conductometric curve for the titration of Ag+ (perchlorate as 
counter-ion) with L3 in DMF at 298.15 K.
It should be noted that the molar conductance values obtained for Ag+ (99.95 S 
cm2 mol'1) for DMSO and 35.2 S cm2 mol'1) for DMF are close to the values, 100 
(S cm2 mol"1) (DMSO) and 35.2 (DMF) (S cm2 mol"1) reported in the literature151. 
The conductometric titration of Ag+ with L3 in acetonitrile does not show any 
significant change in the slope (Fig. 3.42) while significant chemical shift changes
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were found in the lH NMR (Table 3.14). This could be attributed to the fact that 
the mobility of the Ag cation (highly solvated in acetonitrile) does not differ 
significantly from that of the silver complex in this solvent. Therefore no 
significant changes are observed.
In the titration of L3 with the silver cation in DMSO at 298.15 K (Fig.3.43) there 
are three breaks in the curvature. The first break is at a ligand / cation ratio o f -0.5 
(2 cations per unit ligand). The second break is observed at [L/M+] =1, showing 
the formation of a 1:1 complex. As the concentration of the ligand increases, a 3:2 
[L/M^] complex is formed and further reactions may take place as the 
concentration of the ligand increases, showing the complexity of the system due to 
the formation of metallates162. In DMF almost the same trend was followed. In this 
solvent (Fig. 3.44) as far as silver is concerned, again it seems that there is a break 
at L/M*" at approximately 0.20 (1:5 complex composition) with not a dramatic 
change in conductance. The second break occurs at L/M+ ~ 1 (1:1 complex 
composition) but an increase in conductance is observed from B to C with another 
break at [L]/[M] 2, ( 2 : 1  or 4 : 2 complex composition or higher compositions).
To explain the pattern in conductance observed for silver in DMSO and DMF 
previous work reported in the literature concerning resorcarene interaction with 
silver is considered.
Resorcarene derivatives have been reported to form highly metallated complexes’ 
77,160 involving cobalt metal ion salts. Elisler and co workers16Reported that 
tetraphosphonitro resorcarene ligands also form metallates with silver (I) and 
mercury (II) metal cation salts and recently Danil de Namor and her group107 
’162reported the formation of metallate complexes of ethylthiomethylated 
resorcarene with silver and mercury.
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ii) Conductometric titrations of bivalent metal cation with L3 in 
acetonitrile and dimethyl sulfoxide at 298.15K .
Figs 3.45-3.52 show the conductometric curves (plots of Am vs [L3]/[M2+]) for the 
titration of bivalent cation salts (as perchlorates) in acetonitrile. The limiting molar 
conductance of the metal cations as perchlorates in MeCN reported in the 
literature151’152 (Table 3.5) were compared with the molar conductance of the free 
salt (L/Mn+ = 0) (uncomplexed state) in the solution and they are in agreement with 
the literature values.
v"
310.0(X^  
300.00 -
o
E 290.00  -
E 280 .00  -o
$2. 270 .00  -
b 260 .00  -
250 .00  -
0 .00  1.00 2 .00  3.00 4 .00  5 .00
[L3]/[Mg2+]
2 +
Fig. 3.45 Conductometric curve for the titration of Mg (perchlorate as 
counter-ion) with L3 in acetonitrile at 298.15 K.
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Fig. 3.46 Conductometric curve for the titration of Ca2+ (perchlorate as 
counter-ion) with L3 in acetonitrile at 298.15 K.
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Fig. 3.47 Conductometric curve for the titration of Sr2+ (perchlorate as 
counter-ion) with L3 in acetonitrile at 298.15 K.
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Fig. 3.48 Conductometric curve for the titration of Ba (perchlorate as 
counter-ion) with L3 in acetonitrile at 298.15 K.
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Fig. 3.49 Conductometric curve for the titration of Hg2+ (perchlorate as 
counter-ion) with L3 in acetonitrile at 298.15 K.
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Fig. 3.50 Conductometric curve for the titration of Pb2+ (perchlorate as 
counter-ion) with L3 in acetonitrile at 298.15 K.
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Fig. 3.51 Conductometric curve for the titration of Cd2+ (perchlorate as 
counter-ion) with L3 in acetonitrile at 298.15 K.
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Fig. 3.52 Conductometric curve for the titration of Zn2+ (perchlorate as 
counter-ion) with L3 in acetonitrile at 298.15 K.
Fig 3.47 and 3.48 present the conductometric titration curves for L3 with Hg2+ as 
perchlorate salt in DMSO and DMF respectively at 298.15 K.
Conductometric curves for the titration of Mg2+, Hg2+, Pb2+, Cd2+ and Zn2+ and L3 
in acetonitrile ( Figs 3.45, 3.49 - 3.52) show a decrease in the molar conductance
i
of the complex throughout the titration, until the ligand/metal cation stoichiometry 
ratio reaches 1:1. This was followed by very small or no variation in conductance 
upon increasing the concentration ratio. The decrease in molar conductance is 
attributed to the lower mobility of the metal ion complex relative to the free cation. 
Changes in the conductance titration of these metal cations and L3 clearly 
demonstrated that these curves result from the combination of two linear segments 
with a well-defined change in the curvature at the reaction stoichiometry of 1:1 
(ligand: metal cation) for complexes involving the above mentioned cations..
The conductometric curves of L3 with Ca2+, Sr2+and Ba2+ (Fig 3.46 - 3.48) did not 
show any significant change in curvature suggesting that very weak or no 
interaction occurs between this ligand and these metal cations in acetonitrile.They
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show slight (or zero) slopes and without any indication of a change in the slope at 
any given molar ratio indicating that there was no interaction between these 
cations and L3.
Given that in DMSO, L3 interacts only with Hg2+ a conductometric titration of the 
mercury salt and L3 was carried out in DMSO (Fig. 3.53). The conductometric 
curve of Hg + with L3 in DMSO shows that the limiting molar conductance of 
Hg(C104)2 in DMSO at 298.15 K as reported in literature162 is 78.2 S cm2 mol' 1 
and the Am value found in this work is 76.4 S cm2 mol'1. In DMSO, a mercury (II) 
complex of 1:1 ligand/metal cation stoichiometry was observed.
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Fig. 3.53 Conductometric curve for the titration of Hg2+ (perchlorate as 
counter-ion) with L3 in DMSO at 298.15 K.
iii) Conductometric titration of fluoride (as anion salt) with L3 in acetonitrile 
at 298.15K .
As far as anions are concerned Fig. 3.54 presents the conductometric curve for the 
titration of fluoride (tetra-n-butyl ammonium as counter-ion) with L3 in 
acetonitrile at 298. 15 K. The limiting molar conductance reported in literature159 
for tetra-n-butyl ammonium fluoride salt is 155.83 S cm2 mol"1 and the value found
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in this thesis at low salt concentration is 129.63 S cm2 mol'1. The slope of the 
conductometric titration curve is indicative of the formation of a complex. The 
break observed at [L3]/[F] = 1 demonstrate the formation of a complex of 1 : 1 
stoichiometry in acetonitrile.
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Fig. 3.54 Conductometric curve for the titration of FI" (tetra butyl ammonium 
as counter-ion) with L3 in acetonitrile at 298.15 K.
A comparison of the conductometric titration curves of metal cations and
5,11,17,23 -diethylamine resorcarene, L3 and another resorcarene derivative 
ethythiomethyl resorcarene162 (Fig. 3.55) with the same cations is now made. This 
is discussed in the next section.
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3.5.2 Comparison between conductance data of cations with diethylamine 
resorcarene (L3) and ethylthiomethylated resorcarene in acetonitrile
298.15 K.
Fig.3.55 presents the structure of L3 and the ethylthiomethylated resorcarene.
OHho.OHHO
5,11,17,23-diethylamine 5,11,17,23-ethylthiomethylated
calix[4] resorcarene (L3) calix[4] resorcarene
Fig. 3.55 L3 and ethylthiomethylated calix[4] resorcarene.
Conductometric measurements showed that ethyl thiomethylated 
calix[4]resorcarene interacts with Ag+ forming a weak complex of 1:1 
stoichiometry in acetonitrile. Although NMR spectroscopy indicated that L3
also complexes with this cation in this solvent it was not possible to corroborate 
this by conductance measurements for the reasons explained above.
L3 interacts with bivalent metal cations such as M g2+, Zn2+, Pb2+, Cd2+ and Hg2+ 
with the formation of 1 : 1 complexes as revealed from conductance measurements 
while the ethyl thiomethylated calix[4]resorcarene does not interact with Mg2+ and 
Zn2+. It does complex Pb2+ (1 :1  complex), Hg2+ and Cu2+ in acetonitrile. However 
unlike the ethyl thiomethylated calix[4]resorcarene ligand, L3 does not form a 
metallated complex with Hg2+. The lack of complexation of ethyl thiomethylated 
calix[4]resorcarene with Mg2+ and Zn2+ can be explained on the basis that Mg2+ is 
a hard cation and therefore is unlikely to interact with a soft donor atom such as 
sulphur which is present in this ligand. On the other hand Zn2+ is known to interact 
with ligands containing nitrogen donor atoms such as L3.
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No comparison can be made with the results in DMSO since this solvent was not 
used for the complexation ethylthiomethylated calix[4]resorcarene and metal 
cations. Methanol was used for interaction with ethylthiomethylated 
calix[4]resorcarene interactions but it was not possible to use this solvent since the 
diethylamine calix[4]resorcarene, L3, undergoes protonation in methanol. This 
statement is based on the results obtained by titration of the ligand with the free 
solvent. The addition of methanol to a solution of the neutral L3 ligand (non 
conducting) leads to a significant rise in conductivity which is attributed to 
protonation of the ligand.
Having assessed the stoichiometry of this ligand in acetonitrile, dimethyl sufoxide 
and N,N dimethyl formamide, the thermodynamic parameters of the ligand were 
performed and these are reported in the next section.
To determine the stability constants (log Ks), ACG°, ACH° and ACS° of L3-metal 
cation complexes, titration calorimetric measurements were performed and these 
are discussed in the next section.
3.5.3 Thermodynamics of complexation of L3 and metal ions in acetonitrile at
298.15 K.
Titration calorimetry
Having determined the composition of the complexes formed between this ligand 
and bivalent cations through conductance measurements and taking into account 
literature data on the range of concentrations at which perchlorate salts of 
bivalent metal cations and anions are predominantly as ionic species in solution, 
thermodynamic studies were performed in acetonitrile at 298.15 K. Thus Table
3.18 lists the stability constants (log Ks), derived standard Gibbs energies, ACG°, 
enthalpies, ACH° and entropies, ACS° of complexation of bivalent metal cations 
(Mg2+,Pb2+,Cd2+, Zn2+ and Hg2+) and F' with L3 in acetonitrile at 298.15 K. 
Calorimetric titrations were performed for Ca2+, Ba2+ and Sr2+ since they showed 
strong ^H NMR interactions.
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The burette delivery rate (BDR) and the enthalpy of protonation of THAM 
(tris[hydroxy methyl]-aminomethane in an aqueous solution of hydrochloric acid 
(0.1 mol dm"3) were determined as described in the Experimental Section. Results 
for the BDR and the enthalpy of protonation were reported in section 3.2.3.4.
■ \
Determination of stability constants (log Ks), standard Gibbs energies (ACG°), 
enthalpies, (ACH°), and entropies, (ACS°) of complexation of L3 with bivalent 
metal cations in acetonitrile at 298.15 K
Table 3.18 shows the macrocalorimetric data for the complexation of L3 with 
bivalent metal cations in acetonitrile at 298.15 K. The standard deviations of the 
data are also included in the Table.
Table 3.18 Thermodynamics of complexation of L3 with bivalent metal 
cations in acetonitrile at 298.15 K.
Cation (L:M)n+ logK, AcG°,
(kJ mol'1)
AcH°,
(kJ mol'1)
AcS°,
(JK' 1 mol'1)
M g^ 1 : 1
i
3.6 ± 0.2 -20.5 ± 0.2 25.4 ±0.1 154
Ca'+ 1 : 1 5.0 db 0.1 -28.6 ± 0.1 9.9 ±0.1 129
Sr^ 1 : 1 4.0 ±0.1 -22.7 ±0.1 -14.0 ± 0 .2 30
Ba2+ 1 : 1 4.0 ±0.1 -22.6  ± 0.1 -3.5 ±0.1 64
Hg2+ 1 : 1 6.0 ± 0.1 -34.3 ±0.1 -64.5 ±0.1 -101
Zn2+ 1 : 1 4.1 ± 0.1 -23.4 ±0.1 -36.5 ± 0 .2 -44
Pb2+ 1 : 1 6.0 ± 0.1 -34.3 ±0.1 -38.9 ±0.1 -15
Cd2+ 1 : 1 4.3 ± 0.2 -24.5 ± 0.2 -14.7 ±0.1 33
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The results listed in Table 3.18 show that for 1:1 complexes of bivalent cation in 
acetonitrile at 298.15 K the highest values for log Ks are found for lead (II) and 
mercury (II). Thus, it can be seen that the stability constant follows the sequence 
Hg2+~ P b2+ > Ca2+> Cd2+ > Zn2+ > Sr2+ «  Ba2+ >Mg2+. These findings reflect the 
high preference of the ligand L3 for Hg2+ and Pb2+ relative to Ca2+, Cd2+, Zn2+, 
Sr2+, Ba2+, and Mg2+. For the latter cation, the lowest value of stability constant 
confirms the lower affinity of L3 for this cation. On the basis of enthalpy and 
entropy contributions to the Gibbs energy of complexation (in term of stability 
constant), the process can be either enthalpically (ACH° > TACS°) or entropically, 
TA S° > A H° controlled8. According to the data given in Table 3.18, it is clear that 
the complexation processes in acetonitrile is enthalpically controlled (negative 
ACH°) with the exception of Mg2+,Ca2+ and Ba2+ which are controlled entropically. 
For the complexes of Hg2+, Pb2+ and Zn2+ a loss of entropy (negative ACS0) upon 
complexation is observed in acetonitrile at 298.15K while Mg2+, Cd2+, Ca2+, Ba2+ 
and Sr2+ were entropically favoured.
0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5 1.6
1/r (1/A)
Fig. 3.56 Plot of log Ks of L3 bivalent cation complex versus reciprocal of their 
ionic radii (1/A).
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A comparison of the stability constant for the Pb2+-L3 (log Ks, 6.0) complex in 
acetonitrile with that involving ethylthiomethylated calix[4]resorcarene and the 
same cation in the same solvent (log Ks, 2.8) 162 shows that L3 forms a more stable 
complex than the ethylthiomethylated calix[4]resorcarene. This is attributed to the 
higher affinity of Pb2+ for the nitrogen donor atom in L3 than to the sulphur donor 
atom in the ethyl thiomethylated calix[4]arene. Although diethylamine 
resorcarene, L3, was found to interact with Hg2+ and Ag+ in DMSO as reflected in 
the !H NMR and conductometric measurements thermodynamic data could not be 
obtained for silver since it forms metalled complexes in DMSO and DMF. 
Thermodynamic data for mercury (II) and L3 in DMSO at 298.15 K are listed in 
Table 3.19.
Table 3.19 Thermodynamic data for diethylamine resorcarene in DMSO at 
298.15 K by titration calorimetry.
(L:M)n+
1:1
Log Kg AcG° 
kJ mol' 1
ACH° 
kJ mol' 1
Ac S° 
J K 'W ' 1
Hg2+ 4.5 ±0.01 -25.5 ±0.1 -28.7 ±0.7 -11
In DMSO the stability constant is lower than in acetonitrile showing the effect of 
solvent on the complexation process. Although the loss o f entropy is lower in the 
complexation of L3 with Hg2+ in DMSO than in MeCN the higher stability in the 
latter solvent is due to the higher enthalpic stability of this system in MeCN 
relative to DMSO.
As far as anions are concerned this is discussed in the next section.
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Determination of stability constants (log Ks), standard Gibbs energies (ACG°), 
enthalpies, (ACH°), and entropies, (ACS°) of complexation of L3 with F anion in 
acetonitrile at 298.15 K.
Table 3.20 shows the macrocalorimetric data for the complexation of L3 with the 
F" anion in acetonitrile at 298.15 K. The standard deviations of the data are also 
included in the Table.
Table 3.20 Thermodynamics of complexation of L3 with the F" anion in 
acetonitrile at 298.15 K.
Anion (L:M)n+ log Ks ACG°, (kJ mol"1) ACH°, (kJ mol"1) ACS°, (JK"1 mol"1)
F" 1 : 1 5.7 ± 0.1 -32.5 ±0.1 14.0 ±0.1 156
In MeCN, L3-F" complexation has a fairly high stability but the interaction is 
enthalpically disfavoured and entropically favoured. This may be attributed to the 
high solvation of the fluoride anion (small anion) in acetonitrile which leads to a 
high desolvation of this anion upon complexation as reflected in the enthalpy and 
entropy terms.
The next section presents the investigation carried out with another 
calix[4]resorcarene derivative.
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3.6 Synthesis o f 4,6,10,12,16,18,22,24-diethylthiophosphate 
calix[4] resorcarene, L4.
The synthesis of the calix[4]resorcarene starting material was accomplished as 
described in the experimental chapter following the Neiderl-Hogberg procedure80 
using resorcinol and acetaldehyde in acidic media. The basis of using this 
functional group is the availability of data with this group in calix[4]arene. The 
synthetic procedure of this ligand has been reported in the Experimental Part of 
this thesis.
Characterisation of 4,6,10,12,16,18,22,24-diethyl thiophosphate 
calix[4]resorcarene, L4.
NMR characterisation of L4 in CD3CN at 298 K is presented in Fig. 3.59
PPM
Fig. 3.57 1H NMR spectrum of diethyl thiophosphate resorcarene in CD3CN 
at 298 K.
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The NMR 5 (ppm) chemical shift at 7.53 ppm (H-l) corresponds to the 
aromatic protons at the upper rim of the macrocycle, 7.03 ppm (H -l1) corresponds 
to the upper rim as well, while the signal at 5.99 ppm (H-2) is that for the lower 
rim aromatic proton. There are two sets of peaks for 0-CH2-CH3 and CH2-CH3 
(H-5, H-51, H-6 , H-61) at 4.35 ppm, 4.07 ppm, 1.43 ppm and 1.36 ppm 
respectively. The bridge protons are also found at 4.69 ppm (H-3) and 1.55 ppm 
(H-4)
The signals at H -l, H -l1, H-5, H-51, H -6 and H-61 can be explained by looking at 
the crystal structure of the ligand since they are related to the conformation (1, 3 
alternate) of the macrocycle.
After characterisation by NMR a sample of L4 was sent for elemental analysis 
at the University of Surrey. The results are reported in the Experimental Section
2.1.2 while suitable crystals were obtained for X-ray crystallographic studies and 
these are discussed below.
3.6.1 X ray diffraction studies.
The crystal structure analysis was the next step done to identify the ligand L4 
and this was performed by Prof. E. E. Castellano at the Universidade de Sâo 
Paulo, Brazil, and Dr O. Piro at the Universidad Nacional de La Plata, 
Argentina
Molecular drawings of the diethyl thiophosphate calix[4]resorcarene are shown in 
Figs 3.58 and 3.59. The macrocycle shows a strongly distorted ‘cone’ 
conformation. The corresponding dihedral 5-values are 51=172.1(2), 5y=84.2 (1), 
03= 179 .0 (2 ) and 84=83.6  (1)°. An opposite pair of phenyl rings are unfolded from 
each other to near anti-parallelism [8i_3=167.8(1)0] while the other one are folded 
onto each other to near parallelism [02-4=7 .2(2)°]. The corresponding cross­
distances between apical carbon atoms at the calix upper bore are 10.821(8) and 
4.448(7) Â, respectively
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The crystal structure of this ligand is a 1,3, alternate ‘cone’ conformation which is
1 i iwhy the extra peaks were shown in H NMR discussed above at H -l , H-5 and
H-61. Since L4 exists in a 1,3 alternate ‘cone’ conformation the protons in the 
upper rim are not in the same environment therefore, they resonate at different 
positions in the magnetic field (Fig. 3.57).
The side upper view of L4 is presented in Fig. 3.58 while Fig. 3.59 presents the top 
view of this ligand.
Fig. 3.58 Side (upper) view of diethyl thiophosphate calix[4]resorcarene 
molecule.
For clarity, only the phosphorous and sulphur atoms of the upper rim -O - 
(P=0 )(0 -CH2-CH3)2 pendant arms have been identified to show the numbering 
scheme. The smallest disks indicate oxygen atoms.
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Fig. 3.59 Top view of diethyl thiophosphate calix[4] resorcarene molecule.
Having characterized the ligand L4 by ll l  NMR, microanalysis and X ray 
crystallography, solubility measurements were carried out and these are discussed 
in the next Section.
3.7 Solubility measurements
Having characterized the macrocycle, its solubility in various solvents was 
determined at 298.15 K and the results are discussed. In order to investigate the 
ability of the ligand L4 to complex cations, the solution properties of the ligand 
was studied in various solvents. Solubility data at 298.15 K are listed in Table 
3.21. The data are an average of several analytical measurements carried out in 
triplicate on the same saturated solution.
The solubility measurements were used for the calculation of Gibbs energies of 
solution ASG°. Standard transfer Gibbs energies were calculated taking acetonitrile 
as the reference solvent. These data are also included in Table 3.21.
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Table 3.21 Solubilities, standard Gibbs energies of solution, ASG° and AtG° of 
L4 from acetonitrile to other solvents a t 298.15 K.
Solvent Solubility (mol.dm"6) ASG° (kJ.mol'1) AtG° (kJ.m or1) 
(MeCN—^s)
EtOH (3.8 ± 0.3) x 10'4 19.52 14.02
MeOH (5.4 ± 0.9) x 10"4 18.65 13.15
DMF (4.0 ± 1) x 10‘2 7.98 2.48
Hex (4.7 ± 1) x 10'4 18.8 13.3
H20 (3.8 ± 1) x 10-5 25.1 19.6
DMSO (1.1 ± 0.4) x 10'2 11.13 5.7
MeCN (1.1 ± 0.2  ) x 10"1 5.5 0.0
CHCI3 Solvate formation
THF Solvate formation
DCM Solvate formation
Abbreviations; Ethanol, EtOH; Methanol, MeOH, ; Dimethylformamide, DMF; Hexane, Hex; Water,
fr
H20; Dimethylsulfoxide, DMSO; Acetonitrile, MeCN; Chloroform, CHC13; Dichloromethane, DCM; 
Tetrahydrofuran, THF.
Solvate formation was observed in chloroform, dichloromethane, and 
tetrahydrofuran. This means that the composition of the ligand in the solid state is 
not the same as that observed in solution169. Judging from the AtG0 values in Table
3.23 it seems that the solvation trend for the ligand follows the sequence
MeCN > DMF > DMSO > MeOH = Hex > EtOH > H20
The solubility trend for L3 is presented below for comparison with that o f L4.
Toi ~ DMF ~ DMSO > MeOH >EtOH >MeCN~Hex
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While L3 shows very low solubility in MeCN and high solubility in DMF and 
DMSO, L4 shows very high solubility in these three dipolar aprotic solvents. L3 
has higher solubility in MeOH and EtOH than L4.
Having determined the solubility of L4 in various solvents, complexation studies 
were then performed in acetonitrile and this will be discussed in the next section of 
this thesis.
3.8 Complexation studies of L4 with metal cations in acetonitrile.
3.8.1 1H NMR complexation studies involving L4 and metal cations in CD3CN 
at 298.15 K.
The ^H NMR results obtained by the addition of metal cation salts (as perchlorates) 
to L4 in CD3CN at 298.15 K will be presented the following sequence.
iii) Interaction of L4 with univalent cations in CD3CN at 298 K.
iv) Interaction of L4 with bivalent cations in CD3CN 298 K.
Interaction of L4 with univalent cations in CD3CN at 298 K.
^H NMR data for L4 and univalent metal cations (alkali and silver) are presented 
in Table 3.22. These data represent the chemical shift changes (AS, ppm) that L4 
undergoes upon complexation with metal cations relative to those for the ligand. 
The results show that no interaction takes place between L4 and alkali metal 
cations in this solvent. Upfield and downfield shifts observed by the addition of the 
silver salt provide an indication that this ligand is likely to interact weakly with 
this cation in this solvent.
175
Chapter 3 Results and Discussion
Table 3.22 NM R shift in ppm of L4 with univalent cations in CD3CN
at298K.
\ /
4
1 I 1 2 . 3 4 5 5 6 6 1
4 7.54 7.04 6.0 4.68 1.55 1.39 1.23 4.32 4.03
Li+ 0.01 0.02 0.02 0.01 0 0 0 0 0
Na+ 0.01 0 0.04 0.02 0.01 0 0 0 0
K+ -0.01 -0.03 -0.01 -0.03 0 0 0 0 0
Rb+ 0.00 0.03 0 -0.02 0 0 0 0 0
Cs+ 0 0.02 -0.02 0 -0.01 0 0 0 0
Ag+ -0.20 0.00 -0.40 0.04 -0.11 -0.07 0.10 -0.12 -0.12
Interaction of L4 with bivalent cations in CD3CN at 298 K.
NMR chemical shift changes for L4 upon addition of the metal cation salts, (as 
perchlorates) in CD3CN at 298 K are shown in Table 3.23.
The most significant changes are those for this ligand in its interaction with the 
mercury (II) cation. Thus except for H-3, changes are observed in all protons. The 
downfield shift shown in H-61 for Zn2+ may reflect some interaction between this 
ligand and this cation in this solvent.
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Table 3.23 H NMR shift in ppm of L4 with bivalent cations in CD3CN at298 
K.
4
1 I 1 2 3 4 5 51 6 6
Mg^ -0.01 -0.01 -0.01 -0.01 0 0 0 -0.01 0
C a^ 0.01 -0.01 0.02 -0.01 0 0 -0.01 0.01 0
Sr^ 0.01 0.03 0.01 0.02 0 0 -0.03 0 0.01
Ba2+ 0.1 -0.01 0 -0.01 0 0 -0.01 0.01 0
Pb2+ 0 0.02 0.01 0.01 0 0 -0.04 -0.06 -0.01
Zn2+ 0 0.02 -0.01 0.01 0 0 -0.28 -0.01 0.22
Cd2+ 0.01 0 0 0.01 0 0 0 0 0.01
'Hg^ No signal No signal No signal 0.06 0.20 0.16 0.14 0.30 0.47
The following Section discusses the results obtained from conductance studies 
regarding the composition of the complexes.
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3.8.2 Conductometric studies involving L4 and metal cations in acetonitrile at / 
298.15K.
Taking into account the chemical shift changes observed in the NMR of L4 by 
addition of metal cation salts, conductance studies were performed for silver (I), 
mercury (II) and copper (II) since this last cation could not be tested by lR  NMR. 
Conductance reliability was checked by calculating the cell constant before 
titrations were carried out. The reasons for using acetonitrile as the main solvent of 
complexation were explained in the earlier part of this thesis.
Thus as far as the silver cation is concerned, the conductometric titration curve of 
silver (as perchlorate) with L4 in acetonitrile is shown in Fig. 3.60. This is 
essentially a plot o f Am values (S cm2 mol"1) against the ligand: metal cation 
([L4]/[Ag+]) concentration ratio. The molar conductance, Am at infinite dilution
for the AgC104 in acetonitrile reported in literature is 189.9 S cm2 mol"1 (Table 3.5) 
and the value reported in this work is 188.62 S cm2 mol"1. These are in good 
agreement.
Given that hardly any changes are observed in the Am values upon addition of L4
to the solution of the silver salt in acetonitrile at 298.15 K it is concluded that very 
weak complexation takes place between L4 and Ag+ (Fig. 3.60) in this solvent.
4.
This statement is corroborated by the relatively small chemical shift changes 
observed in the lYL NMR of this ligand upon addition of the silver salt (Table 3.24).
The Am at [L]/[Hg2+] = 0 for Hg2+ as reported earlier in this thesis is 369 S cm2 
mol"1 and for this experiment it is 301.21 due to the different initial concentrations 
of the salts used. As far as mercury is concerned, there is a decrease in 
conductance from A to B. This is expected as the size of cation-L4 complex is 
larger than that of the free cation. Therefore the mobility of the former will be 
lower than that for the latter and this is reflected in the decrease in conductance 
observed from A to B. From B to C, Am remains almost constant. The intersection 
of AB and BC indicates the composition o f the complex. A clear break in the 
curvature is found at [L]/Hg2+] = 0.50. It shows that two metal cations are taken up
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per unit of ligand. The shape of the conductometric curve suggests that a relatively 
strong complex is formed (Fig. 3.61)
The limiting molar conductance reported for Cu(C104)2 in acetonitrile is 370.89 S 
cm2 mol"1 162 while the Am (S cm2 mol"1) value found in this work is 370.77 S cm2 
mol"1 which is in good agreement. Much more difficult to assess is the 
conductometric curve for the titration of Cu2+ (as perchlorate) with L4, (Fig. 3.62) 
The relatively small increase in conductance may be due to the fact that the 
Cu(C104)2 is slightly associated (ion-pair formation). The addition of ligand may 
lead to the formation of a weak complex. As the size of the cation increases in the 
complex, ion-pair formation decreases and this may be the reason of the slight 
increase in conductance from A to B, B to C, C to D and D to E. The results seem 
to indicate the formation of weak complexes of various compositions.
200.00 i
0.50 1.00 1.50 2.00 2.50
[L4]/[Ag1
Fig. 3.60 Conductometric curve for the titration of Ag+ (perchlorate as 
counter-ion) with L4 in acetonitrile at 298.15 K.
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Fig. 3.61 Conductometric curve for the titration of Hg2+ (perchlorate as 
counter-ion) with L4 in acetonitrile at 298.15 K.
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Fig. 3.62 Conductometric curve for the titration of Cu2+ (perchlorate as 
counter-ion) with L4 in acetonitrile at 298.15 K.
It can be concluded from the conductometric titration of L4 with metal cations in 
MeCN that Ag+ may interact very weakly this ligand while one ligand unit takes 
up two units of Hg2+. Finally the ligand appears to form metallated complexes 
with Cu2+ in acetonitrile. The first break for CuL42+ complex is at 0.50 i.e. [L]/[M] 
ratio 1:2, the second break is at 1 , [L]/[M] ratio of 1:1 and the third at
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approximately 1.5, [L]/[M] ratio of 3:2 and then the plot continues to rise. 
Thermodynamic data could not be obtained for Cu2+ L4 complex.
To continue with the work on this ligand, thermodynamic parameters for L4 and 
the mercury cation in acetonitrile at 298.15 K were determined by titration 
calorimetry and these are now discussed.
3.8.3 Thermodynamics of complexation of L4 and the mercury cation in 
acetonitrile at 298.15 K
Titration calorimetry was used to calculate the thermodynamic parameters of 
complexation of L4 with the mercury (II) cation in acetonitrile at 298.15 K. For 
these experiments, the 2277 Thermal Activity Monitor (TAM) was used.
Calibration of of the TAM calorimeter
The standard reaction suggested by Briggner and Wadsô145 for the complexation of 
18-crown-b with Ba2+ in water at 298.15 K explained in the experimental section 
was carried out to check the reliability of the equipment.
The stability constant expressed as log Ks and derived standard Gibbs energy, 
ACG°, enthalpy, ACH° and entropy, ACS°, of complexation 18-crown-b and Ba2+ in 
water at 298.15 K obtained from microcalorimetric titrations are reported in Table
3.24 together with the values reported previously in the literature145.
Table 3.24 Thermodynamic parameters of complexation of Ba2+ and 18- 
crown-6 in an aqueous solution at 298.15 K.
log Kg ACG° (kJ.mof1) AcH^kJ.mol'1) A ^ (T lC l.m ofl)
3.79 ±0.02 -21.6 ± 0 .2  -32.12 ±0.1 -35
3.77a -21.52±0.0 -31.4±0.02 -33
3.75 ± 0.05b -21.40 ±0.01 -31.3 ±0.03 -33
a, Ref. 137; b , Ref. 155
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Comparison of the values obtained from the microcalorimeter titration show good 
agreement with those reported in the literature for the same process145.
Having checked the reliability of the microcalorimeter, titration experiments were 
performed to obtain the stability constant (expressed as log Ks), and derived 
standard Gibbs energies (ACG°), enthalpies (ACH°), and entropies, (ACS°) for this 
ligand (L4) with the mercury (II) cation in acetonitrile at 298.15 K.
Thermodynamics of complexation for the Hg2+-L4 system in acetonitrile at
298.15 K.
Thermodynamic data for the complexation of Hg and L4 in acetonitrile at 298.15 
K including the standard deviations of the data are presented in Table 3.25
Table 3.25 Thermodynamics of complexation of L4 with the Hg2+ metal 
cation in acetonitrile at 298.15 K.
Cation (L : M)n+ logK , A,G°
(kJ mol'1)
ACH°
(kJ mol"1)
A,S*
(JK ' 1 mol"1)
Hg2+ 1 : 1 5.4 ±0.1 -30.9 ±0.1 18.5 ±0.1 166
1 : 2 3.3 ±0.1 -19.0 ±0.1 -21.2  ± 0.2 -7
Direct calorimetric titration was used to calculate the stability constants of these 
complexes in acetonitrile. At 1:1 [L]/[Mf] concentration ratio the complexation of 
mercury (II) and L4 is enthalpically disfavoured and entropically controlled, while 
the formation of the 1:2 [Lj/pVT*] complex is enthalpically favoured and 
entropically disfavoured. It seems that the formation of the 1:1 complex associated 
with a loss o f enthalpic stability and an increase in entropy must be the result of 
strong desolvation or a significant conformational change upon complexation
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while this may not be the case for the formation of the 1:2 complex (L : Hg2+) 
which is enthalpically controlled.
3.8.4 Comparative studies with analogous ligands
For comparative purposes, analogous ligands in their complexation with metal 
cations are considered. These are shown in Fig. 3.63.
OH
NH
O -P -Ô
OHHO
Diethylthiophosphate Ethylthiomethylated Diethyl thiophosphate 
resorcarene, L4 resorcarene amino calix[4]arene
Fig. 3.63 Analogous ligands
<
L4 is fully functionalised and therefore there are enough sulphur soft donor atoms 
to host two mercury cations per unit of ligand. The number of pendant arms is 
reduced in diethyl amino thiophosphate calixarene given that this ligand is partially 
functionalised and therefore it hosts only one mercury cation per unit of ligand. On 
the other hand the pendant arms of the partially functionalised ligand have more 
flexibility due to the presence of the methylene group between the ethereal oxygen 
and the NH functionality. This is reflected in Table 3.26 where the 
thermodynamics of complexation of these three ligands and metal cations are 
given. Indeed the results show that the higher flexibility of the arms in the diethyl 
amino thiophosphate calix[4]arene leads to a 1:1 complex of higher stability with 
Hg2+ than that of L4 and this cation in acetonitrile. This is the result of a higher
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enthalpic stability which is about five times greater than that of L4 and this cation 
in this solvent.
As far as ethylthiomethylated calix[4]resorcarene is concerned the most 
significant difference relative to L4 is that functionalisation does not occur through 
the phenolic oxygens and therefore these are free to enter complexation or indeed 
to enter hydrogen bond formation with adjacent OH functionalities particularly in a 
dipolar aprotic medium such as acetonitrile.
Table 3.26 Comparison of stability constants, standard free energies, 
enthalpies and entropies of complexation of ligands in acetonitrile at 298.15 K.
Cation L:Mn+ log Ks AcG°
(kJ mol'1)
ACH°
(kJ mol"1)
AcS°
(JK^mof1)
L4
Hg 1 : 1 5.4 ±0.1 -30.9 ±0.1 18.5 ±0.1 47
1 : 2 3.3 ±0.1 -19.0 ±0.12 -21.2  ± 0.2 -7
Diethyl thiophosphate amino calix[4]arene
Ag+ 1:1 3.98 ±0.05 -22.7 ±0.5 -9.9 ±0.2 43
Cui+ 1:1 4.46 ± 0.04 -25.5 ± 0.2 -21.2 ±0.4 96
Hg2+ 1:1 10.02 ±0.08 -57.5 ±0.5 -69.5 ±0.7 -40
Ethylthiomethylated calix[4]resorcarene
Hg Metallated complex
Pb2+ 1 : 1 2.83±0.01 -16.15± 0.01 -35.7 ±0.1 -66
Ag+ 1: 1 3.20±0.01 -18.27±0.01 -28.3±0.5 -34
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Having compared the different analogous in acetonitrile the next section discusses 
the research carried out on the interaction of 7-nitro 1,3,5-triazaadamantane with 
metal cations in different solvents.
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Section 3
3.9 Synthesis of 7-nitro 1, 3, 5-triazaadamantane
Based on previous work performed at the Thermochemistry Laboratory on the 
macrocycles known as cryptands163"172 containing nitrogen atoms at bridgehead 
positions and their interaction with metal cations in water and non aqueous 
solvents it was decided to carry out a detailed investigation on aza adamantanes, 
and their cation complexing properties. For this purpose, the 7-nitro-1,3,5- 
triazaadamantane, L5, was selected.
The synthesis of L5 and its microanalysis are reported in the Experimental Section 
2.2. Figs. 3.64 to 3.66 present !H.NM R spectra for L5 in CD3CN, D20  and 
CD3OD at 298 K and the chemical shifts are reported in Table 3.28.
NO
1
L5
3.10 Characterisation of L5
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3.10.1 H  NM R studies of L5 in different solvents
oo r-  o  cn co r-  r-CNt-H
rr cn o cm  v  v  m M
v  m h o  r- h  cri cn cn
^  TT V  CO CsI H H H
Il II I ; ' IV
1
1 . 01 . 54 . 0 3 . 5 3 . 0 2 . 05 . 0 4 . 5 2 . 5
Fig. 3.64 -H NM R spectrum  of L5 in CD3CN at 298 K.
The lR  NMR spectrum in CD3CN shows 2 sets of doublet signals at 4.42 (H-l) 
and 4.06 (H-2) ppm corresponding to the protons N-CH2-N and another signal at 
3.78 ppm (H-3) corresponding to the protons of N-CH2-C.
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Fig. 3.65 H  NM R spectrum  of L5 in D20  at 298 K.
The lR  NMR spectrum in D20  shows 2 sets of doublet signals at 4.52 (H-l) and
4.18 (H-2) ppm corresponding to the protons N-CH2-N and another signal at 3.90
ppm (H-3) corresponding to the protons of N-CH2-C.
188
Chapter S Results and Discussion
m r~ ro h  r~ v  comTp cm o  r- <p m o o
oo m m  h  h  co rn n
it  v  v  ^  it  m  m  m
II II I V
-------r
ppm
—r-
4 . 2
—I— 
4 . 0
T
3 . 0
—r- 
5 . 2
—r~ 
5 . 0
I— 
4 . 6
—r- 
3 . 6
I3.4 —r~ 3 . 2—r~ 5 . 6 —T" 5 . 4 4 . 8 4 . 4 3 . 8
Fig. 3.66 1H NMR spectrum of L5 in CD3OD at 298 K.
The lR  NMR spectrum in CD3OD shows 2 sets of doublet signals at 4.52 (H-l) 
and 4.16 (H-2) ppm corresponding to the protons N-CH2-N and another signal at 
3.85 ppm (H-3) corresponding to the protons ofN-CH2-Ct
The proton NMR signals for D20  and CD3OD (polar protic solvents) are in the 
same region while in CD3CN (dipolar aprotic solvent) they differ slightly by 
appearing in a lower region.
,
The variations observed in the H NMR spectra of L5 in different solvents strongly 
suggest that solvent-ligand interactions may differ considerably from one solvent 
to another47 (Table 3.27).
Table 3.27 1H NMR data for 7-nitro-l,3,5-triazaadamantane, L5 in D20 ,  
CD3CNand CD3OD at 298 K.
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N O . ------- ---------------- -------------
5 (ppm) D20  CD3CN CD3OD
H -l 4.52 4.41 4.52
H-2 4.18 4.05 4.16
1
H-3 3.90 3.77 3.85
Table 3.27 presents the chemical shift changes for L5 in the different solvents 
using acetonitrile (CD3CN) as a reference solvent.
The downfield shifts observed in H -l, H-2, and H-3 (Table 3.27) in moving from 
CD3CN to D20  and to a lesser extent, CD3OD provide an indication of solvent- 
ligand interactions when the medium is a protic solvent. In fact, conductance 
measurements show that in H20 , the nitrogen donor atoms appear to be protonated. 
As such, they show conductivity.
Table 3.28 Chemical shift changes (ppm) of Ligand L5 in different solvents
" f
using acetonitrile as a reference solvent
A5 CD3CN d 2o CD3 OD
H-l 0 0.11 0.11
H-2 0 0.13 0.11
H-3 0 . 0.13 0.08
The molecular structure of this compound was confirmed by microanalysis and the 
result was presented in the Experimental Section 2.4.
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Having characterised the ligand by l¥L NMR and microanalysis, solubility 
measurements were carried out and this is discussed in the next section.
3.11 Solubility Measurements of 7-nitro-l, 3, 5-triazaadamantane
Solubility measrements were performed as described in the Experimental Section. 
The data for L5 in various solvents (methanol, ethanol, acetonitrile, 
tetrahydrofuran, toluene, N,N-dimethylformamide, dichloromethane) are listed in 
the Table 3.29. The data in each solvent are the result of three analytical 
measurements carried out on the same equilibrium mixture.
The standard deviation of the data is also included in Table 3.29. Solvate formation 
was observed when L5 was exposed to a saturated atmosphere of chloroform. Given 
that the calculation of the standard Gibbs energy of solution, ASG° requires the same 
composition of L5 in the solid and the saturated solution149, this parameter was not 
calculated in chloroform. This ligand is strongly protonated in water; its solubility 
could not be quantitatively obtained. In fact the protonation constants of some triaza 
adamantanes in water and in dimethyl sulfoxide have been reported in the 
literature127. This is expected given that these are amines and as such these 
compounds have affinity for the proton. The possibility of protonation of L5 was 
checked by conductivity. It is expected that a neutral ligand such as L5 does not 
conduct electrical current. However, in aqueous medium, the solution possesses 
conductivity due to the protonation of the ligand in water. In the absence of 
solvation and conductance, solubility data were used to derive the standard Gibbs 
energy of solution, ASG° referred to the standard state of 1 mol dm'3. These are also 
listed in Table 3.29. Taking acetonitrile as the reference solvent, the standard 
transfer Gibbs energy, AtG° of L5 was calculated. The data show that the difference 
in solvation of L5 in other solvents relative to acetonitrile is indeed very small.
Judging from the AtG° values as shown in Table 3.24 the solvation trend for L5 
follows the sequence,
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DCM > DMF > THF > MeCN > MeOH > Toi > EtOH.
A negative AtG° value from a reference solvent to another indicates that the ligand 
is less solvated in the reference solvent than in the receiving solvent.
Table 3.29 Solubilities and standard Gibbs energies of solution of L5 in 
various solvents at 298.15 K Derived transfer constant and standard tranfer 
Gibbs energies from acetonitrile.
Solvent Solubility (mol.dm'3) ASG° (kJ.mof1) AtG°(k J.mol1 )(M eCN->s)
MeCN (4.0 ± 1.7) x 10'2 8.0 0
DCM (1.7 ± 0.8) x 10"1 4.4 -3.6
DMF (7.6 ± 3.3) x 10‘2 6.4 -1.6
THF (4.6 ± 0.2) x 10"2 7.7 -0.3
EtOH (8.6 ± 0.2 ) x 10"3 11.8 3.8
MeOH (2.5 ± 0.1) x 10'2 9.2 1.2
Toi (1.6 ± 0.1) x 10'2 10.3 2.3
H20 Protonated
«
Protonated Protonated
CHC13 Solvate Formation ---- . ----
Abbreviations: Dichloromethane, DCM;, Dimethylformamide DMF; Tetrahydrofuran, THF,; Acetonitrile, 
MeCN; Methanol, MeOH; Toluene, TOL; Ethanol EtOH; Water, H20; Chloroform, CHC13.
3.12 Complexation studies
Acetonitrile was used as the main medium of investigation with the metal cations. 
The reasons for choosing acetonitrile are as follows,
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For complexation studies in solution the metal cation must be fully dissociated in 
the medium used for investigation. Acetonitrile has a higher dielectric constant 
than benzonitrile or dichloromethane150 so, the cations in a solution of acetonitrile 
have a low tendency to form ion-pairs with the counter ion and these are important 
issues to consider when multicharged ions are involved.
Acetonitrile is a poor solvator for most cations when compared with protic 
solvents (alcohols) and dipolar aprotic solvents (DMF and DMSO), therefore 
acetonitrile offers a more suitable medium for complexation.
The techniques used for complexation studies include;
^  NMR measurements to assess the presence of interactions between the ligand 
and the metal cations and if so to identify the binding sites of the ligand with the 
metal cation.
Conductometric titrations were used to establish the ligand/metal-cation 
stoichiometry and to assess the strength of interaction between the host and the 
guest in the solvent.
Calorimetric titrations were used to derive the stability constant and the enthalpy
of the complexation between the ligand and the metal-cations in acetonitrile at
*
298.15 K. The Gibbs energy and entropy could be calculated from these data.
Potentiometric measurements were carried out to derive the stability constant of 
the ligand-cation complex in the appropriate solvent.
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3.12.1 H NMR studies of the interaction of L5 with metal cations in 
CD3CN and CD3OD at 298 K.
NMR is a valuable tool used to investigate the conformational behaviour of the 
ligand and also the binding sites of interaction of the ligand with ionic species and 
neutral species. The chemical shift changes on addition of the metal-ion salts into 
the ligand solution were used to identify the conformational changes that the 
ligand undergoes upon complexation. The !H NMR spectra of L5 upon addition of 
several metal cations were recorded in CD3CN and CD3OD at 298 K.
Table 3.30 lists the chemical shifts changes of L5 in CD3CN and CD3OD 
respectively with univalent metal cations (Li+, Na+, K+). The differences in the 
chemical shifts (A8/ppm) for a given proton with respect to that of the free ligand 
were calculated using eq. 3.12 below and these are shown in the Table.
as s s z/Ad > 0 -> deshielding 
A d  =  d „ -d o  =>------------:-------------------------------------------------- —
i f  Ad < 0-^  shielding
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Table 3.30 H  NM R chemical shift changes (ÀÔ, ppm) for L5 upon addition 
of univalent m etal cations (as perchlorates) in CD3CN and CD3OD at 298 K.
N O
1
CD3GN
H -l H-2 H-3
Free ligand 4.41 4.05 3.77
Li+ 0 0 0
Na+ 0.01
001 0.01
K+ 0 0 0
Ag+
CD3 0 D
-
Free ligand 4.53 4.17 3.85
Li+ 0.00 -0.00 -0.00
Na+ 0.04 0.00 0.03
K+ -0.00 0.00 0.01
Ag+
There was no significant chemical shift changes upon interaction of 7-nitro-l,3,5- 
triazaadamantane with the univalent metal cations in CD3CN and CD3OD at 298 
K. The peaks for Ag+ were all distorted showing that the complexation with this 
metal cation is strong.
NMR chemical shift changes for the interaction of L5 and bivalent metal 
cations in CD3GN and CD3OD are listed in Table 3.31.
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Table 3.31 H  NM R chemical shift changes (Àô ppm) for L5 upon addition of 
bivalent metal cations (as perchlorates) in CD3CN and CD3 OD at 298 K.
Free ligand 4.41 4.05
CD3CN
3.77
Mg2+ 0.06 0.07 0.04
Ca2+ 0.01 0.01 0.01
Sr2+ 0.01 0.01 0 .0 1 .
Ba2+ 0 0 0
Zn2+ 0.32 0.38 0.21
Cd2+ 0.11 0.11 0.08
H g - 0.37 0.43 0.73
Pb2+ 0.33 0.43 0.22
Mg2+ 0 0
CD3OD
0
Ca2"' 0 0 0.03
Sr2"" 0 0 0.03
Ba2+ 0 0 0.03
Zn2+ 0 0 0
Cd2+ 0 0 0.03
Hg2+ 0.06 -0.05 —
Pb2+ 0.04 0.04 0.05
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The NMR spectra of L5 with bivalent metal cations in CD3CN at 298 K show 
significant chemical shift changes for Zn2+, Cd2+, Hg2+ and Pb2+ ions. However no 
chemical shift changes are observed for any of the bivalent metal cations and L5 in 
CD3OD revealing the effect of the medium on the complexation process.
Within the concentrations used, Ag+ formed a precipitate when complexed with L5 
in CD3CN and consequently, it was not possible to detect chemical shift changes 
for it. Among the bivalent metal cations, the most significant changes are observed 
for Hg2+, Pb2+, and Zn2+ while the least downfield shift was observed for Cd2+ in 
CD3CN. However, the chemical shift changes for Zn2+ and Pb2+ in H -l, H-2 and 
H-3 are (Table 3.31) quite similar. To a much lesser extent a similar trend is 
observed for Cd2+ in CD3CN. However, this trend is not observed for mercury (II). 
For this cation and L5 the most pronounced downfield shift is observed for H-3 
followed by a less pronounced downfield shift for H-2 and H -l. These shifts 
appear to indicate that the interaction of the former cations with this ligand differ 
at least in strength from that of Hg2+ and this ligand in solution. No significant 
chemical shift changes were observed for any of the alkali and alkaline-earth metal 
cations in this solvent.
In CD3OD all the peaks were distorted when the silver perchlorate salt was added
2+to the ligand, while this was observed for H-3 in the presence of Hg .
*
JH NMR titration experiments were performed in CD3CN for cadmium and 
mercury (II) at 298 K (Figs 3.67 and 3.68).
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1 and 2 are for protons N-CH2-N and 3 is for proton N-CH2-C.
Fig. 3.67 H NMR titration of 7-nitro-l, 3, 5-triazaadamantane with Hg2+ 
(as perchlorate salt) in CD3 CN at 298 K.
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1 and 2 are for protons N-CH2-N and 3 is for proton N-CH2-C.
Fig. 3.68 1H NMR titration of 7-nitro-l, 3, 5-triazaadamantane with Cd 
(as perchlorate salt) in CD3 CN at 298 K.
2+
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Fig. 3.67 shows the plot of the chemical shift changes observed upon an increase 
in the concentration of Hg2+ in CD3CN at 298 K. The plot of the downfield shifts 
experienced by the three protons of the ligand illustrates that two ligand units 
interact with one cation. Thereafter there were no observed changes in the 
chemical shifts, giving (Hg2+/L) ratio to be 1:2.
2+
Fig. 3.68 presents the chemical shift changes observed for the titration of Cd 
against L5 in CD3CN at 298 K. The plot of the downfield shifts experienced by the 
three protons although small shows a sharp increase in downfield shifts when the 
first and the second Cd2+ are taken up. This also shows that the three protons are 
all changing at the same time.
In an attempt to establish the composition of the metal-ion complexes, 
conductance measurements were carried out and these are described in the 
following Section.
3.12.2 Conductometric titrations and X ray crystallography studies
The addition of ligand (non-conducting solution) to a metal-ion salt contained in 
the conductance cell led to significant changes in conductance due to complex 
formation in the case of mercury (II), zinc (II), lead (II) and cadmium (II) in
t
acetonitrile. Plots of molar conductance Am against the ligand: metal cation 
concentration ratios for the titration of these salts with L5 in this solvent are shown 
in Figs 3.69 to 3.72. Thus the initial molar conductance of the metal cation salt (as 
perchlorate) in the absence of the ligand fall within the values previously reported 
in this solvent (Table 3.5). The size effect in moving from the single to the 
complex cation is reflected in the decrease in conductance observed in moving 
from A to B. This is expected given that the mobility of the complex must be lower 
than that of the single cation unless solvation of the latter is remarkably high or a 
substantial degree of ion pair formation occurs between the free cation and the 
counter-ion relative to that of the metal ion complex and its counterpart. The most 
interesting feature of these results is that while 1:1 complexes are formed in the
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interaction of L5 with either Pb2+ or Zn2+, this is not the case for Hg2+ and Cd2+ 
with this ligand in this solvent. Thus, two molecules of L5 interact with one unit of 
Hg24" while one molecule of L5 interacts with two units of Cd2+. Due to the 
precipitation of the silver complex by the addition of L5 to silver perchlorate or 
vice versa it was not possible to establish the composition of this complex from 
conductance measurements. The data for conductometric titration involving L5 
and metal cations are reported in the Appendix C.
As shown above the stoichiometry of the Hg2+ and Cd2+ complexes obtained by 
NMR are in accord with the complex composition obtained from conductance 
measurements.
215.00 -I
2205.00 -
W200.00 -
195.00 -
190.00
2.00 2.501.000.500.00
Fig. 3.69 Conductometric titration curve of Cd2+ (perchlorate as counter ion) 
with L5 in acetonitrile at 298.15 K.
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Fig. 3.70 Conductometric titration curve of Pb2+ (perchlorate as counter ion) 
with L5 in acetonitrile at 298.15 K.
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[L5]/[Zn2+]
Fig. 3.71 Conductometric titration curve of Zn2+ (perchlorate as counter ion) 
with L5 in acetonitrile at 298.15 K.
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0 
E
1<Z)I
Fig. 3.72 Conductometric titration curve of Hg + (perchlorate as counter ion) 
with L5 in acetonitrile 298.15 K.
X ray crystallographic studies of the silver (I) and mercury (II) complex of L5 
crystal data are presented below. These X ray crystallography measurements were 
carried out by Prof E Catellano of Universidade de Sâo Paulo, C. P. 369, 13560, 
Sao Carlos (SP), Brazil and Dr O. Piro of Universidad Nacional de La Plata and 
Institute IFLP (CONICET), C. C. 67, 1900, La Plata, Argentina-
Due to the precipitation of the silver complex by the addition of L5 to silver 
perchlorate or vice versa the composition of this complex from conductance 
measurements could* not be established but instead , suitable single crystals for 
structural X-ray diffraction studies were obtained. Also the unusual composition of 
the mercury (II) complex led to its isolation and again, suitable crystals were 
obtained and the corresponding X ray structure determined. Atomic fractional 
coordinates and equivalent displacement parameters as well as anisotropic thermal 
parameters for the non-H atoms and hydrogen atoms and isotopic displacement 
parameters for silver and mercury (II) complexes of L5 are reported in Appendix 
C. Figs 3.73 and 3.74 respectively are ORTEP173 drawings of these complexes. 
The silver complex crystallises as CvH ^A gN ^-N O s. As shown in Fig. 3.73, the 
silver cation bridges the N atoms of neighbouring adamantane ligands and 
subtends two more short contacts of two neighbouring solvent molecules giving
310.00 -, 
300.00'
290.00 4
280.00
270.00
260.00 -
250.00 -
240.00 - 
230. C
A
0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00
[L5]/[Hg2+]
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rise to an infinite three dimensional supramolecular arrangement. This figure also 
shows the extended structure generated by the above-mentioned contacts to the 
silver cation.
In the mercury complex, C yH nH gN ^C ^, the metal cation is bonded to two 
chloride ions and two neighbouring, symmetry related, adamantane ligands, giving 
rise to an infinite supramolecular chain along the crystal b-axis. Comparison of 10 
atoms of adamantane skeleton in both complexes by using the Kabsch’s 
procedure174showed them to be essentially identical, with an overall rms derivation
from homologous atoms of 0.023 A .
The bond lengths and angles of the crystal structure are presented in the Appendix
c .
The X ray crystallography diagrams for silver (I) and mercury (II) with L5 are 
shown in Figs 3.73 and 3.74 respectively.
011
C5
012 SN2iN l
II C6 y V  
\ ii a  \
V s
i i
0 1 3 i:L
C7 .C2iC402
C4
C l
0 5
OlN2C3 N4 03
01N1
N3
02
Fig. 3.73 X-ray crystallography of 7-nitro-l,3,5-triazaadamantane with silver
a ).
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Fig. 3.74 X-ray crystallography of 7-nitro-l,3,5-triazaadamantane with 
mercury (II)
3.13 Thermodynamics of complexation of L5 and metal ions in acetonitrile 
at 298.15 K.
Potentiometric measurements were used to obtain the stability constant and standard
*
Gibbs energy for mercury (II) in acetonitrile at 298.15 K because the stability 
constant was more than 6 and this is presented in the next Section.
Determination of stability constant for mercury (II), as (perchlorate) and L5 
by potentiometric measurements.
Direct potentiometric titrations using the mercury amalgam electrode were carried 
out in acetonitrile at 298.15 K. The titrations described in the Experimental Section 
were used to determine the stability constant (log Ks) and also standard Gibbs 
energy of complexation of L5 and this metal cation in acetonitrile. The electrode
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calibration plot is presented in Fig. 3.75 and the plot for the titration of L5 with 
Hg2+is presented in Fig. 3.76.
The plot of potential, E against the negative logarithm of mercury (II) ion 
concentration in acetonitrile at 298.15 K gives the Nemst slope. The value -29.126 
mV for the slope in Fig. 3.75 corresponds to the Nemst constant for bivalent 
cations. The expected value for the slope for bivalent cations at 298.15 K is -29.58 
mV so the experimental value is in good agreement with the expected value.
29.126x -565.78 
R2 = 0.9455
— *---*   +
5.1 5.6
 I__________________ I___________ ;___
-log[H g2+]
«
Fig. 3.75 Plot of E (mV) against -log[Hg2+] for standard potential 
determination of the cell in acetonitrile at 298.15 K.
Potentiometric data listed in Appendix C were used for the determination of the
2+stability constant of L5 complex with Hg (perchlorate as counter-ion) in 
acetonitrile at 298.15 K.
E -600 - 
LU
-500 - 
4
-400 -
y = -
-800 -i
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[L5]/[Hg2+]
Fig. 3.76 Potentiometric titration curve for Hg2+ as perchlorate with L5 
acetonitrile at 298.15 K.
Stability constants (expressed as log Ks) and standard Gibbs energies of 
complexation for the mercury complexes were calculated using the Superquad
175computer program
Having determined the stability constant of Hg(L52)2+ by potentiometric titration in 
acetonitrile, titration calorimetry was used to obtain log Ks and ACH° values. Stability 
constant (expressed as log Ks), standard Gibbs energies, enthalpies and entropies of 
L5 with bivalent metal cations (Hg2+, Zn2+, Pb2+ and Cd2+) in acetonitrile at 298.15 
K are shown in Table 3.32.
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Table 3.32 Thermodynamics of complexation of L5 with metal cations 
(Hg2+, Zn2+, Pbz+ and Cd2+) in acetonitrile at 298.15 K.
Cation (L:M) logKs AcG°kJ mol’1 ACH° kJ m of1 ACS° JK '1 mol"1
1:1 12.0 d= 0.2" -68.5 ±0.2" -96.4 ± 0.2 -93
2:1 12.0 ± 0.0a -68.3 ± 0.0" -90.2 ±0.0 -73
Zn2+ 1 : 1 5.5 dh 0.1 -31.3 ±0.1 -62.4 ± 0.3 -104
Pb'2+ 1 : 1 4.2 ±0.1 -23.8 ±0.1 -65.1 ±0.1 -138
Cd2+ 1 : 1 2.8 ±0.2 -16.1 ± 0 .2 -20.4 ± 0.1 -14
1 :2 1.6 ± 0.1 -9.1 ±0.1 -7.3 ±0.1 6
a is the average value from Potentiometric titration
For all systems, the processes are enthalpically controlled and entropically 
unfavoured except for the formation of the 1:2 (ligand: metal cation) complex of 
cadmium (II) which is entropically favoured. The results show that the formation of 
the 1:1 complex (eq.3.13) is characterized by a similar stability to that of the 2:1 
< complex (eq. 3.14) although the enthalpies and entropies differ as a result of their t
full compensation.
+ eq.3.10
%FX^CAO + l(m C # )-^ % l^ (^ C # )  eq.3.11
Computer simulation studies with Hyper chem. 2000 (Figs. 3.79 and 3.81) show that 
for Zn2+ and Pb2+ complexes the cation interacts with the three nitrogen atoms of the 
ligand and a fourth coordination is provided by the nitrogen atom of the solvent.
This is the arrangement that leads to the lowest energy (higher stability). In fact the 
enthalpy values associated with the complexation of L5 with these cations are quite
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close. However, the lower ' stability of the lead relative to the zinc complex is 
attributed to the higher loss in entropy of the former relative to the latter.
As far as the cadmium complex (Fig.3.77) is concerned, molecular modelling 
calculations suggest that the arrangement of the highest stability (lower energy) is 
that in which one cadmium cation is bonded to the three nitrogen atoms of the 
ligand and one molecule of acetonitrile, while the second cadmium cation is 
bonded to one of the oxygens of the nitro group and to three molecules of 
acetonitrile. It should be noted that there is a correlation between the log Ks values 
corresponding to the formation of 1:1 complexes and the ÀÔ values for H-3 (Table 
3.33) resulting from the addition of metal cation salts to the ligand in deuterated 
acetonitrile as shown in Fig. 3.79.
Fig. 3.77 Molecular simulation of the Cadmium-L5 complex.
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Fig. 3.78 Molecular simulation of the Zinc or lead-LS complex.
14 i
,2+
12  -
10 -
,2+
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.80
ÀÔ(ppm)
Fig. 3.79 Plot of log Ks in against Àô (ppm) in acetonitrile at 298 K.
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From the discussions above the following conclusions can be made
1. This is the first detailed thermodynamic study of cation interactions involving 
the 7-nitro-1,3,5-triazaadamantane L5 ligand.
2. The behaviour of L5 with metal cations in acetonitrile is quite versatile in that 
complexes of different compositions are formed depending on the nature of 
the metal cation. Thus, in solution two L5 ligands bind to a mercury cation 
forming a 2:1 complex, while two symmetry related adamantanes coordinate 
each Hg(II) ion in the polymeric 1:1 complex found in the solid state. The 
most interesting feature of these results is that this ligand interacts selectively 
with cations of environmental relevance following the sequence for 1:1 
complexes,
Hg(II)>Zn(II) > Pb(II) > Cd(II)
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Final Conclusions
The ligands L I, L2, L3, L4 and L5 were synthesised and characterised.
L I complexes with the alkali, alkaline earth and heavy metals in acetonitrile to 
give 1:1 complexation. This ligand does not interact with Cs+and Rb+.
Solubility data show that in dipolar aprotic solvents (DMSO and DMF) L I has 
high solubility. However increasing the aliphatic chain of the alcohol increases the 
solubility of this ligand. This ligand has very low solubility in acetonitrile
L I forms strong complexes withuni and bivalent metal cations and the interactions 
are enthalpically favoured and entropically disfavoured with the exception of Mg2+ 
and Zn2+ which are entropically stabilised. For univalent metal cations there is a 
slight selectivity for Na relative to other cations and for the bivalent cations the 
selectivity is for Ca2+. The pendant arm of this ligand contains aromatic rings 
which may have some involvement in the complexation with the metal cations, 
given that the complex stability with these cations is higher than that previously 
found for the analogous ligand tetra methyl ketone calix[4]arene.
The X ray crystallography structure for L3 shows the ligand is in a ‘cone’ 
conformation in the solid state with a molecule of acetonitrile in its cavity.
Solubility data obtained for this ligand show that DMF and DMSO are betteri
solvators for this ligand than the protic and protophobic dipolar aprotic (MeCN) 
solvents.
H NMR complexation studies with metal cations was performed in CD3CN and 
dg-DMSO in the NMR. In CD3CN this ligand shows interaction with Mg2+, Ca2+, 
Sr2+, Ba2+, Cd2+, Pb2+, Zn2+ Hg2+ and F", while in d5 DMSO the ligand only 
interacts with Ag+ and Hg2+. This ligand also shows interaction with the fluoride 
anion in acetonitrile.
The X ray crystallography structure for L4 shows a 1, 3 alternate conformation in 
the solid state. Solubility data show that this ligand is highly solvated in dipolar
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aprotic solvents (MeCN, DMF and DMSO). The transfer Gibbs energy values 
from MeCN to DMF and DMSO are close.
NMR studies showed that L4 complexes with Ag+ and Hg2+in MeCN. Given 
that this ligand is fully functionalised it is able to complex with two units of Hg2+ 
while the analogous ligand, diethyl thiophosphate amino calix[4]arene can interact 
with only one unit of Hg2+. L4 forms a fairly high complex with Hg2+.
Solubility data show that L5 is soluble in dipolar aprotic solvents and protic 
solvents.
L5 complexes with the toxic metal cation (bivalent) in acetonitrile with different 
stoichiometries. Hg(L52)2+ forms a [L]/[M] complex ratio of 2:1, (Cd)2L52+ forms 
1:2 [L]/[M] concentration ratio while PbL52+ and ZnL52+ form a 1:1 [L]/[M] 
complex. L5 shows very high selectivity for Hg2+ with reference to the other metal 
cations in acetonitrile.
Stability constant of this ligand with mercury (II) is high, (12) while the other 
metal cations form not so high stable complexes.
2+
X ray crystallography structure in the solid state was determined for Hg(L52) 
and AgL5+ complexes.
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Suggestions for fu rther w ork
i) Attachment of tetraphenyl ketone as a pendant arm to resorcarene to 
compare the interactions of tetraphenyl ketone resorcarene with tetra 
phenyl ketone calix[4]arene. This is to investigate if the resorcarene 
derivative can interact with alkali and alkaline earth metal cations like 
the calix[4]arene derivative. The stability constants of the ligand with 
metal cations can be compared while attempts should be made to 
provide suitable crystals for the ligand or any of the ligand metal cation 
complexes.
ii) Attachment of 7-nitro-1,3,5-triazaadamantane as a pendant arm to 
calixarene, calixpyrrole or resorcarene. When attached to calixarene, 
calixpyrrole or resorcarene this ligand can be mounted on a solid support 
for the removal of toxic metal cations. The thermodynamic parameters 
when attached to the supramolcule can also be compared with 
thermodynamic parameters of the 7-nitro-1,3,5-triazaadamantane. The 
adamantane calix[4]arene or calixpyrrole or resorcarene ligand can also 
be tried for the removal o f acid herbicides.
i
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Appendix A
Table 1 Conductometric data for the titration of lithium (perchlorate as 
counter ion) with LI derivative in acetonitrile at 298.15 K.
[L1]/[Li+] Am [Ll]/[Li+] Am
0.00 133.22 1.69 109.46
0.15 129.76 1.85 110.18
0.31 126.19 2.00 109.67
0.46 122.73 2.16 110.13
0.62 119.05 2.31 110.82
0.77 115.83 2.46 110.49
0.92 112.54 2.62 111.20
1.08 110.48 2.77 111.80
1.23 110.13 2.93 143.60
1.39 110.03 3.08 144.05
1.54 109.54
Table 2 Conductometric data for the titration of sodium (perchlorate as counter
ion) with LI derivative in acetonitrile at 298.15 K.
[L1]/[Na+] K [L1]/[Na+] Am
0.00 133.53 1.17 111.59
0.10 131.78 1.27 111.22
0.20 129.82 1.37 110.71
0.29 127.74 1.47 110.28
0.39 125.65 1.56 110.36
0.49 123.59 1.66 109.70
0.59 121.53 1.76 109.57
0.68 119.61 1.86 109.35
0.78 117.57 1.95 109.16
0.98 113.54 2.15 108.71
1.07 112.43 2.25 108.70
2.34 108.76
1
Table 3 Conductometric data for the titration of potassium (perchlorate as
counter ion) with LI derivative in acetonitrile at 298.15 K.
[L1]/[K+] Am [L1]/[K+] Am
0.00 179.89 1.08 155.04
0.08 177.69 1.15 153.86
0.15 175.58 1.23 152.73
0.23 173.67 1.31 152.16
0.31 171.35 1.38 151.45
0.38 169.31 1.46 150.65
0.46 167.41 1.54 149.85
0.54 165.51 1.61 149.45
0.61 163.78 1.69 148.84
0.69 162.13 1.77 148.23
0.77 160.63 1.84 147.83
0.84 159.05 1.92 147.04
0.92 157.69 2.00 147.11
1.00 156.27 2.07 147.02
Table 4 Conductometric curve for the titration of cesium (perchlorate as 
counter ion) with LI derivative in acetonitrile at 298.15 K.
[Ll]/[Cs+] A m
0.00 176.06
0.07 176.08
0.15 175.51
0.22 175.38
0.30 175.20
0.37 174.73
0.45 174.89
0.52 175.00
0.60 175.20
0.67 175.26
0.75 175.46
0.82 175.65
[L1]/[Cs+] A m
0.90 175.79
0.97 175.89
1.05 176.08
1.12 176.26
1.20 176.49
1.27 176.76
1.34 176.99
1.42 177.16
1.49 177.29
1.57 177.46
1.64 177.67
2
Table 5 Conductometric curve for the titration of rubidium (perchlorate as
counter ion) with LI derivative in acetonitrile at 298.15 K.
[Ll]/[Rb+] Am [Ll]/[Rb+] K m
0.00 169.18 0.91 170.97
0.08 169.37 0.99 171.17
0.15 169.60 1.06 171.51
0.23 169.51 1.14 171.89
0.30 169.46 1.22 171.99
0.38 169.45 1.29 171.82
0.46 169.99 1.37 172.28
0.53 169.79 1.44 172.64
0.61 170.10 1.52 173.10
0.68 170.36 1.60 173.23
0.76 170.43 1.67 173.59
0.84 170.72
T ab le  6 Conductometric curve for the titration of silver (perchlorate as counter 
ion) with L I  in acetonitrile at 298.15 K.
[Ll]/[Ag+] Am
0.00 176.64
0.09 175.40
0.18 174.75
0.27 173.90
0.36 173.02
0.45 172.11
0.54 171.16
0.63 170.28
0.73 169.23
0.82 168.48
0.91 167.09
1.00 166.10
[Ll]/[Ag+] Am
1.09 165.66
1.18 165.22
1.27 164.62
1.36 163.81
1.45 163.56
1.54 163.03
1.63 162.45
1.72 162.05
1.81 161.95
1.90 161.80
2.00 161.70
3
Table 7 Conductometric curve for the titration of calcium (perchlorate as
counter ion) with LI in acetonitrile at 298.15 K.
[L1]/[Ca2+] A m
0.00 333.45
0.08 330.76
0.15 327.84
0.23 324.99
0.30 322.12
0.38 319.23
0.45 316.32
0.53 313.49
0.60 310.73
0.68 308.00
0.75 305.27
0.83 302.77
0.90 300.54
0.98 298.84
[Ll]/[Ca2+] A„
1.05 298.53
1.13 299.00
1.20 299.17
1.28 299.81
1.35 299.52
1.43 300.03
1.50 300.34
1.58 301.12
1.66 301.83
1.73 302.45
1.81 303.01
1.88 303.04
1.96 303.93
T ab le  8 Conductom etric curve for the titration o f  stronsium  (perchlorate as 
counter ion) w ith L I  derivative in acetonitrile at 298.15 K.
[LIMSr2*] Am [Ll]/[Sr2+] Am
0.00 275.78 1.05 240.74
0.08 273.23 1.13 241.11
0.15 270.15 1.20 241.94
0.23 267.16 1.28 241.79
0.30 264.25 1.35 242.67
0.38 261.27 1.43 243.04
0.45 258.06 1.50 243.33
0.53 255.10 1.58 243.69
0.60 252.22 1.65 243.98
0.68 249.29 1.73 244.46
0.75 246.50 1.81 244.81
0.83 244.00 1.88 245.16
0.90 242.09 1.96 245.89
0.98 240.56
4
Table 9 Conductometric curve for the titration of zinc (perchlorate as counter
ion) with LI derivative in acetonitrile at 298.15 K.
[L]/[Zn2+] A m 1.02 302.39
0.00 316.61 1.10 302.39
0.08 315.21 1.17 302.01
0.16 314.22 1.25 301.44
0.23 312.12 1.33 301.25
0.31 310.96 1.41 300.69
0.39 309.55 1.49 299.94
0.47 308.38 1.57 299.67
0.55 307.22 1.64 299.13
0.63 306.29 1.72 298.77
0.70 305.57 1.80 298.23
0.78 304.66 1.88 297.88
0.86 303.46 1.96 297.72
0.94 303.17 2.04 297.64
Table 10 C onductom etric curve for the titration o f  cadm ium  (perchlorate as 
counter ion) w ith LI derivative in acetonitrile at 298.15 K.
[L]/[Cd2+] A m 1.11 252.56
0.00 259.65 1.18 252.66
0.07 258.86 1.26 252.63
0.15 258.36 1.33 252.66
0.22 258.02 1.40 252.63
0.30 257.54 1.48 252.66
0.37 256.92 1.55 252.76
0.44 256.45 1.63 252.72
0.52 255.77 1.70 252.82
0.59 255.38 1.77 252.72
0.66 ' 254.99 1.85 252.68
0.74 254.54 1.92 252.58
0.81 254.03 1.99 252.48
0.89 253.66 2.07 252.51
0.96 253.22 2.14 252.47
1.03 252.59 2.22 252.50
5
Table 11 Conductometric curve for the titration of mercury (perchlorate as
counter ion) with LI derivative in acetonitrile at 298.15 K.
[L]/[Hg ] A m
0.00 305.05
0.09 301.48
0.18 296.87
0.27 290.56
0.35 284.12
0.44 277.23
0.53 270.57
0.62 264.52
0.71 258.95
0.80 254.54
0.89 250.69
0.98 247.87
1.06 246.04
1.15 245.25
1.24 244.72
1.33 244.53
1.42 244.43
1.51 244.37
1.60 244.47
1.69 244.57
1.77 244.67
1.86 244.77
1.95 244.92
2.04 245.06
2.13 245.19
2.22 245.32
2.31 245.43
6
7Table 12 Potentiometric titration data for Ag+ (as perchlorate) w ith M eCN at 298.15 
k.
Ag+ log Ag+ E
10 0.00E +00 #NUM! -162.1
10.1 5.39E -06 5 .268278 -134 .8
10.2 1.08E-05 4 .967248 -120 .4
10.3 1.62E-O5 4 .7 91156 -111.2
10.4 2.16E-O5 4 .6 66218 -103 .9
10.5 2.7OE-O5 4 .5 69307 -98.3
10.6 3 .23E -05 4 .4 90126 -93.8
10.7 3.77E-O5 4 .4 23179 -90.3
10.8 4.31 E-05 4 .3 65188 -86.9
10.9 4.85E-O5 4 .314035 -84.1
11 5.39E-O5 4 .2 68278 -81.5
11.1 5.93E -05 4 .2 26885 -79.1
11.2 6.47E-O5 4 .189096 -77.1
11.3 7.01 E-05 4 .154334 -75.1
11.4 7.55E-O5 4 .122149 -73.3
11.5 8.O9E-O5 4 .092186 -71.7
11.6 8.63E -05 4 .064158 -70
11.7 9.17E -05 4 .0 37829 -6.86E+O1
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8Table 13 Potentiometric titration data for Ag+ (as perchlorate) w ith LI in MeCN at 
298.15 k.
[L]/[M] E(mV)
0.02 -162.9
0.04 -163.2
0.05 -163.9
0.07 -164.9
0.09 -165.5
0.11 -166.3
0.12 -167
0.14 -167.8
0.16 -168.5
0.18 -169.5
0.23 -171.6
0.28 -174.6
0.34 -177.7
0.39 -181.3
0.46 -185.9
0.53 -190.8
0.60 -196.5
0.67 -202.9
0.74 -212.3
0.81 -226.2
0.88 -258.2
0.96 -291.1
1.03 -301.8
1.10 -303.4
1.17 -310.5
1.24 -315.9
1.31 -320.6
1.38 -324.2
1.45 -327.5
1.52 -330.2
1.59 -333.2
8
9Table 14 Potentiometric titration data for Na+ (as perchlorate) with M eCN at 298.15 k. 
Vt acc Na+ log Na+ E
10 O.OOE+OO #NUM! -245.8
10.05 5.00E-06 5.30103 -231.9
10.1 1 OOE-O5 5 -220.6
10.15 1.5OE-O5 4.823909 -214.3
10.2 2.00E-05 4.69897 -208.2
10.25 2.5OE-O5 4.60206 -203
10.3 3.00E-05 4.522879 -199.7
10.35 3.5OE-O5 4.455932 -195.4
10.4 4.00E-05 4.39794 -192.3
10.45 4.50E-05 4.346787 -189.5
10.5 5.00E-05 4.30103 -186.8
10.55 5.50E-05 4.259637 -184.4
10.6 6.00E-05 4.221849 -181.9
10.65 6.50E-05 4.187087 -180
10.7 7.00E-05 4.154902 -177.9
10.75 7.5OE-O5 4.124939 -176.8
10.8 8.OOE-O5 4.09691 -175.5
10.85 8.5OE-O5 4.070581 -173.9
10.9 9.OOE-O5 4.045757 -172.2
10.95 9.5OE-O5 4.022276 -171.2
11 1 00E-04 4 -170
11.05 1.05E-04 3.978811 -168.3
11.1 1.10E-04 3.958607 -167.2
11.15 1.15E-04 3.939302 -166.4
11.2 1.20E-04 3.920819 -164.9
11.25 1 25E-O4 3.90309 -163.9
11.3 1.30E-04 3.886057 -162.9
9
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Table 15 Potentiometric titration data for Ag+ (as perchlorate) with L I  in MeCN at 
298.15 k.
[L]/[M] E(mV) [L]/[M] E(mV)
0.08 -177.10 1.04 -392.60
0.16 -180.70 1.12 -398.70
0.24 -182.40 1.20 -403.40
0.32 -186.90 1.28 -407.70
0.40 -192.70 1.36 -411.20
0.48 -201.70 1.44 -414.30
0.56 -216.40 1.52 -416.90
0.64 -246.40 1.60 -418.70
0.72 -322.10 1.68 -421.30
0.80 -359.50 1.76 -423.70
0.88 -373.90 1.84 -425.50
0.96 -384.30 1.92 -427.40
2.00 -429.10
10
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Appendix B
Table 16. Crystal data and structure solution methods and refinement results for diethyl 
amine calix[4]resorcarene (1 ) and diethyl thiophosphate calix[4]resorcarene (2).
1 2
Empirical formula Csô.sHsa.sCli.sNôOg C6 4 H104 O2 4 Pg Sg
Formula weight 1026.96 1761.71
Temperature (K) 150(2)
Low-temperature device Oxford Cryosystems
Cooling rate 200 K/h
Crystal system, space group Triclinic, P-l Triclinic, P-l
Unit cell dimensions3
a (A) 12.328(1) 12.6039(2)
b(A) 13.136(1) 17.4686(3)
c(A) 20.152(1) 21.7674(4)
aC) 106.40(1) 71.240(1)
PO 93.34(1) 80.801(1)
Y(°) 111.62(1) 71.700(1)Volume (Â ) 2861.8(3) 4299.2(1)
Z, calc, density (Mg/m3) 2, 1.192 2, 1.361
Absorp. coeff. (p, mm*1) 0.146 0.424
F(000) 1106 1856
Crystal size (mm) 0.28x0.25x0.15 0.25 x 0.25 x 0.20
Crystal color / shape Colorless / prism Colorless / fragment
Diffractometer / scan KappaCCD / cp and co
Radiation, graph, monochr. MoKa, X=0.71073 A
8 range for data collection (°) 2 . 8 6  to 26.00 2.65 to 25.70
Index ranges -15<h<l 5,-16<k<l 5,-24<l<24 -15<h<l 5,-21 <k<20,-26<l<26
Reflections collected 27304 56021
Independent reflections 11114 [R(int)=0.113] 16215 [R(int)=0.071]
Completeness 98.8(to 8=26.00°) 99.1% (to 8=25.70°)
Obs. reflections [I>2g(I)] 7224 12281
Max. and min. transmission 0.978 and 0.960 0.920 and 0.901
Data collection COLLECT1
Data reduct, and correct. 13 DENZO and SCALEPACK2
Structure solution0 SHELXS-973
Structure refinement^ SHELXL-974
Refinement method Full-matrix least-squares on F2
Weights, w [g2(F02) + (0.128P)2+ 14.0?]'
P=[Max(Fo2,0) + 2Fc2]/3
[g2(F02) + (0.121P)2+ 1.52P]'1
Data/restraints/parameters 11114/0/680 16215/0/958
Goodness-of-fit on F 1.030 1.006
11
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Final R ind.[I>2a(I)] Rl=0.0743, wR2=0.2020 Rl=0.0882, wR2=0.2333
R indices (ail data) Rl=0.1127, wR2=0.2328 Rl=0.1120, wR2=0.2586
Larg. peak, hole (e.Â"3) 0.748 and -1.030 1.592, -0.979
a Least-squares refinement of the angular settings for 11114 reflections in the 2.86<9<26.00° 
range for 1 and 56021 reflections in the 2.65<3<25.70° range for 2.
b Corrections: Lorentz and polarization. Absorption correction not applied as p times crystal 
size is 0.041 for 1 and 0.106 for 2.
c Neutral scattering factors and anomalous dispersion corrections.
d Structure solved by direct and Fourier methods. The final molecular model obtained by 
anisotropic full-matrix least-squares refinement of the non-hydrogen atoms. 
e R indices defined as: Ri='Z\\F0\-\Fc\\/'L\F0\, wR2=[?,w(Fo2-Fc2)2/l,w(F02)2] l/2.
Table 17a. Atomic coordinates (x 104) and equivalent isotropic displacement parameters (Â2x 
103) for diethyl amine calix[4]resorcarene . U(eq) for the non-H atoms is defined as one third 
of the trace of the orthogonalized Uij tensor. To be deposited.
Atom x y z U(eq)
c 11) 3573 2) 4328 2) 3392 1) 25 1)
c 12") 2936 3) 4341 3) 4805 2) 34 1)
c 12) 2533 2) 3496 2) 3459 1) 24 1)
c 12 '  ) 1992 2) 3699 3) 4131 1) 27 1)
c 13) 1991 2) 2468 2) 2894 2) 27 1)
c 14) 2484 2) 2263 2) 2284 2) 28 1)
c 15) 3546 2) 3129 2) 2251 1) 26 1)
c 16) 4109 2) 4177 2) 2794 1) 24 1)
c 17) 1902 3) 1125 3) 1691 2) 36 1)
c 18) 1764 4) 135 3) 451 2) 59 1)
c 19) 1335 3) 1876 3) 811 2) 53 1)
c 21) 1537 2) 5498 2) 4283 1) 25 1)
c 22) 795 2) 6075 2) 4221 1) 24 1)
c 23") 2188 3) 7984 3) 5129 2) 33 1)
c 23) - 398 2) 5384 2) 3922 2) 27 1)
c 23 '  ) 1247 2) 7390 2) 4457 1) 26 1)
c 24) -838 2) 4175 2) 3703 2) 29 1)
c 25) -48 2) 3649 2) 3783 2) 28 1)
c 26) 1149 2) 4303 2) 4072 1) 24 1)
c 27) - 2143 2) 3463 3) 3403 2) 38 1)
c 28) - 2003 4) 2540 4) 2197 2) 63 1)
c 29) - 3556 3) 1483 3) 2779 2) 52 1)
c 31) 2826 2) 8104 2) 3727 1) 24 1)
c 32) 3223 2) 8508 2) 3178 1) 23 1)
c 33) 2414 2) 8654 2) 2732 1) 24 1)
c 34) 1248 2) 8429 2) 2842 1) 24 1)
c 34") 5394 2) 9360 2) 3769 2) 32 1)
c 34 '  ) 4513 2) 8797 2) 3072 1) 25 1)
c 35) 899 2) 8040 2) 3411 1) 23 1)
c 36) 1667 2) 7855 2) 3859 1) 23 1)
c 37) 382 2) 8621 3) 2367 2) 31 1)
c 38) -1751 3) 8082 3) 1999 2) 48 1)
c 39) - 921 3) 6601 3) 1801 2) 39 1)
c 41 '  ) 5243 2) 5109 2) 2728 1) 26 1)
c 41) 4873 2) 6939 2) 2847 1) 25 1)
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C ( 4 1 " ) 6 1 3 8 2 )
C ( 4 2  ) 4 9 7 3 2 )
C ( 4 3 ) 4 8 1 9 2 )
C ( 4 4 ) 4 6 1 2 2 )
C ( 4 5 ) 4 5 4 2 2 )
C ( 4 6 ) 4 6 5 4 2 )
C ( 4 7  ) 4 4 6 2 3 )
C ( 4 8  ) 2 3 2 9 3 )
C ( 4 9 ) 3 6 1 0 4 )
C ( 1 1 0 ) 2 6 7 2 5 )
C ( l l l ) 1 7 1 1 4 )
C ( 2 1 0 ) - 1 9 1 0 5 )
C ( 2 1 1 ) - 4 5 4 0 3 )
C ( 3 1 0 ) - 1 9 9 1 3 )
C ( 3 1 1 ) - 1 9 1 1 3 )
C ( 4 1 0 ) 1 4 1 9 3 )
C ( 4 1 1 ) 4 6 2 9 4 )
N ( 1 1  ) 2 0 6 5 2 )
N ( 2 1 ) - 2 3 4 3 2 )
N ( 3 1  ) - 8 3 5 2 )
N ( 4 1  ) 3 5 2 6 2 )
0 ( 1 1 ) 9 6 9 2 )
0 ( 1 2 ) 4 0 5 9 2 )
0 ( 2 1 ) - 1 2 2 2 2 )
0 ( 2 2 ) - 4 6 5 2 )
0 ( 3 1 ) 2 7 2 7 2 )
0 ( 3 2 ) - 2 4 8 2 )
0 ( 4 1 ) 4 9 0 0 2 )
0 ( 4 2 ) 4 3 2 9 2 )
C 9 3 5 8 7 )
0 1 ( 1 ) 8 0 0 8 2 )
0 1 ( 2 ) 1 0 0 2 1 2 )
0 ( 1 '  ) 1 6 1 1 3 )
0 ( 1 ) 7 4 5 3 )
N ( 1 ) 5 4 3 )
0 ( 2 '  ) 6 6 0 8 5 )
0 ( 2 ) 5 6 4 8 3 )
N ( 2  ) 4 9 2 2 3 )
( 3 ) 3 4 2 5 2 ) 3 2 1 )
( 2 ) 2 4 1 2 1 ) 2 5 1 )
( 2 ) 1 6 8 6 1 ) 2 7 1 )
( 3 ) 1 4 0 4 2 ) 3 1 1 )
( 2 ) 1 8 6 4 2 ) 2 8 1 )
( 2 ) 2 5 9 1 1 ) 2 5 1 )
( 3 ) 6 1 7 2 ) 4 1 1 )
( 3 ) 4 1 5 2 ) 4 7 1 )
( 4 ) - 2 9 7 2 ) 5 5 1 )
( 4 ) 5 0 1 2 ) 7 4 1 )
( 4 ) 2 2 5 3 ) 7 7 1 )
( 5 ) 1 6 7 0 3 ) 9 1 2 )
( 4 ) 2 5 0 2 3 ) 8 0 2 )
( 4 ) 2 5 6 7 2 ) 5 7 1 )
( 3 ) 1 9 1 4 2 ) 5 5 1 )
( 3 ) 4 9 5 2 ) 5 5 1 )
( 4 ) - 2 6 8 2 ) 7 2 1 )
( 2 ) 9 9 0 1 ) 3 8 1 )
( 2 ) 2 8 7 0 2 ) 4 0 1 )
( 2 ) 2 2 6 8 1 ) 3 1 1 )
( 2 ) 3 9 8 1 ) 3 9 1 )
( 2 ) 2 9 0 8 1 ) 3 7 1 )
( 2 ) 1 6 5 3 1 ) 3 2 1 )
( 2 ) 3 8 3 8 1 ) 3 4 1 )
( 2 ) 3 5 6 4 1 ) 3 4 1 )
( 2 ) 2 1 7 6 1 ) 3 1 1 )
( 2 ) 3 5 3 0 1 ) 2 7 1 )
( 2 ) 1 2 0 7 1 ) 3 5 1 )
( 2 ) 1 5 9 3 1 ) 3 4 1 )
( 7 ) 5 0 4 9 6 ) 9 3 4 )
( 2 ) 4 5 7 4 2 ) 8 7 1 )
( 1 ) 5 5 4 1 1 ) 9 4 1 )
( 3 ) 2 4 0 7 2 ) 5 2 1 )
( 3 ) 1 7 6 0 2 ) 4 2 1 )
( 3 ) 1 2 5 9 2 ) 7 1 1 )
( 5 ) 5 9 9 8 3 ) 1 0 5 2 )
( 3 ) 5 3 8 7 2 ) 5 2 1 )
( 3 ) 4 9 1 5 2 ) 5 8 1 )
5 7 4 3
5 9 4 7
5 7 6 2
6 5 4 8
7 5 4 7
7 7 4 4
6 3 4 4
5 8 9 2
6 8 9 3
- 3 7 0
2 3 7 7
1 5 0 0
1 7 7 4
8 9 7 4
5 5 9 1
6 4 2 4
8 0 0 1
1 2 7 5
2 3 5 1
7 7 3 0
6 7 2 4
1 5 7 6
2 9 4 7
5 8 4 3
2 4 5 6
9 0 6 4
7 8 1 6
4 8 1 1
8 3 2 0
9 8 7 0
8 7 7 6
9 4 0 9
5 2 1 8
4 5 6 1
4 0 4 8
8 5 9 5
7 9 3 1
7 4 3 0
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Table 17b. Atomic coordinates (x 104) and equivalent isotropic displacement parameters (Â2x 
103) for diethyl thiophosphate calix[4]resorcarene. U(eq) for the non-H atoms is defined as one 
third of the trace of the orthogonalized Uij tensor. To be deposited.
Atom X y z U(eq)
C(ll) 9211(4) -294(3) 3897(2) 35(1)
C(12') 7338(4) -609(3) 4046(2) 39(1)
C(12) 8599(4) -887(3) 4109(2) 37(1)
C(12") 6740(4) -358(4) 4651(2) 49(1)
C(13) 9186(4) -1711(3) 4371(2) 44(1)
C(13A) 10269(13) -4263(10) 5775(8) 160(6)
C(13B) 10250(20) -5008(10) 5953(10) 266(13)
C(14) 10331(4) -1965(3) 4432(3) 44(1)
C(14A) 13091(13) -3437(8) 4365(6) 143(4)
C(14B) 12637(18) -4172(11) 4479(9) 202(8)
C(15) 10893(4) -1354(3) 4216(2) 37(1)
C(15A) 6936(13) -3478(16) 5147(17) 350(20)
C(15B) 6310(20) -3725(18) 4950(20) 560(40)
C(16) 10366(4) -514(3) 3946(2) 33(1)
C(16A) 14540(5) -1503(5) 4535(3) 66(2)
C(16B) 14143(5) -683(4) 4047(3) 60(2)
C(21) 6375(4) 890(3) 3365(2) 38(1)
C(22) 6058(4) 1504(3) 2776(2) 36(1)
C(23") 4758(5) 2494(4) 3391(3) 52(1)
C(23') 5348(4) 2394(3) 2734(2) 41(1)
C(23) 6441(4) 1245(3) 2217(2) 38(1)
C(23A) 4834(9) 3392(5) 724(4) 91(3)
C(23B) 5698(12) 3820(6) 465(6) 141(5)
C(24) 7115(4) 449(3) 2231(2) 39(1)
C(24A) 7654(7) -1578(4) 1414(3) 70(2)
C(24B) 8290(9) -1348(6) 794(4) 103(3)
C(25) 7384(4) -129(3) 2827(2) 36(1)
C(25A) 3440(6) 1349(4) 1869(4) 72(2)
C(25B) 3604(7) 874(6) 2547(4) 102(3)
C(26) 7016(4) 71(3) 3411(2) 36(1)
C(26A) 9796(7) -2514(8) 2777(6) 147(6)
C(26B) 10468(9) -3046(12) 3147(6) 185(8)
C(31) 7140(4) 2827(3) 2548(2) 38(1)
C(32) 7776(4) 3400(3) 2313(2) 37(1)
C(33) 7225(4) 4207(3) 1976(3) 45(1)
C(33A) 6710(9) 6715(8) 819(4) 117(4)
C(33B) 5891(8) 7549(5) 710(5) 99(3)
C(34) 6102(5) 4456(3) 1866(3) 51(1)
C(34') 9007(4) 3157(3) 2443(2) 36(1)
C(34") 9108(4) 3408(3) 3041(2) 43(1)
C(34A) 3135(8) 6515(5) 1427(5) 101(3)
C(34B) 1940(10) 6790(6) 1291(6) 130(4)
C(35) 5516(4) 3863(3) 2112(3) 45(1)
C(35A) 6874(13) 5894(10) 2882(5) 231(11)
C(35B) 6290(30) 5310(50) 3525(9) 1010(90)
C(36) 6010(4) 3036(3) 2456(2) 39(1)
C(36A) 1830(6) 4121(4) 2351(3) 70(2)
C(36B) 1941(7) 3425(5) 2094(5) 93(3)
C(41") 10996(4) 508(3) 4268(2) 42(1)
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C(41) 10004(4) 1647(3) 3053(2) 34(1)
C(4V) 10997(4) 147(3) 3711(2) 34(1)
C(42) 10555(3) 808(3) 3088(2) 32(1)
C(43) 10696(4) 586(3) 2518(2) 35(1)
C(43A) 12809(8) -44(7) 892(3) 102(3)
C(43B) 13779(11) -612(13) 800(7) 210(9)
C(44) 10295(4) 1156(3) 1940(2) 39(1)
C(44A) 8610(5) 1755(4) 535(3) 59(1)
C(44B) 8694(7) 1102(4) 212(3) 75(2)
C(45) 9746(4) 1977(3) 1938(2) 36(1)
C(45A) 13322(5) -1696(4) 2679(3) 53(1)
C(45B) 13972(10) -2568(6) 2800(9) 190(8)
C(46) 9594(4) 2248(3) 2486(2) 34(1)
C(46A) 9053(7) 4287(4) 215(3) 72(2)
C(46B) 8184(8) 4907(4) -157(5) 97(3)
0(11) 8605(3) -2326(3) 4525(2) 58(1)
0(12) 12067(3) -1591(2) 4222(2) 40(1)
0(13) 9698(6) -3687(3) 5201(3) 97(2)
0(14) 12774(3) -3059(2) 4923(2) 56(1)
0(15) 7691(9) -3393(6) 5092(3) 159(4)
0(16) 13986(3) -2115(3) 4516(2) 57(1)
0(21) 6158(3) 1835(2) 1608(2) 46(1)
0(22) 8062(3) -944(2) 2864(2) 42(1)
0(23) 5188(5) 2567(3) 620(2) 78(1)
0 (24) 8005(3) -1279(2) 1873(2) 49(1)
0 (25) 4163(3) 1909(2) 1636(2) 56(1)
0 (26) 8593(3) -2433(3) 2911(2) 63(1)
0(31) 7879(3) 4780(2) 1698(2) 55(1)
0 (32) 4382(3) 4078(2) 1980(2) 51(1)
0 (33) 6634(5) 6295(3) 1467(2) 85(2)
0(34) 3632(3) 5611(2) 1471(2) 65(1)
0(35) 7338(5) 5466(3) 2546(3) 90(2)
0 (36) 2387(3) 4725(2) 1903(2) 53(1)
0(41) 11273(3) -256(2) 2559(2) 42(1)
0(42) 9284(3) 2567(2) 1374(2) 42(1)
0 (43) 12470(3) -128(3) 1573(2) 51(1)
0(44) 9703(3) 1919(2) 444(2) 48(1)
0(45) 12370(3) -1558(2) 2319(2) 48(1)
0(46) 9017(3) 3444(2) 262(2) 49(1)
P(H ) 8557(2) -2991(1) 5219(1) 72(1)
P(12) 12781(1) -2127(1) 4834(1) 46(1)
P(21) 5274(2) 1751(1) 1197(1) 55(1)
P(22) 7695(1) -1586(1) 2623(1) 44(1)
P(31) 7720(2) 5641(1) 1817(1) 70(1)
P(32) 3428(1) 4885(1) 2086(1) 52(1)
P(41) 11648(1) -658(1) 1972(1) 39(1)
P(42) 9880(1) 2643(1) 658(1) 43(1)
S(H ) 8239(1) -2561(1) 5951(1) 63(1)
S(12) 12311(1) -1769(1) 5598(1) 66(1)
S(21) 5658(2) 764(1) 913(1) 80(1)
S(22) 6196(1) -1651(1) 2870(1) 67(1)
S(31) 9098(2) 5963(2) 1562(2) 114(1)
S(32) 3371(2) 5082(1) 2899(1) 85(1)
S(41) 10505(1) -692(1) 1515(1) 63(1)
S(42) 11412(1) 2636(1) 580(1) 61(1)
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Table 18a. Interatomic bond distances (Â) and angles (°) in diethyl amine calix[4]resorcarene. 
To be deposited.
Bond distances
c 1 1 ) - C (12) 1 . 3 8 9 4)
c 1 1 ) - C (16) 1 . 408 4)
c 1 2 " ) - C ( 1 2 1) 1 . 535 4)
c 1 2 ) - C (13) 1 . 394 4)
c 1 2 ) - C (12 ' ) 1 . 5 4 3 4)
c 1 2 ' ) - C (26) 1 . 5 3 9 3)
c 1 3 ) - 0 ( 1 1 ) 1 . 3 7 6 3)
c 1 3 ) - C (14) 1 . 407 4)
c 1 4 ) - C (15) 1 . 4 0 3 4)
c 1 4 ) - C (17) 1 . 5 0 9 4)
c 1 4 ) - C (34) 8 . 5 6 5 4)
c 1 5 ) - C (16) 1 . 3 8 9 4)
c 1 5 ) - 0 ( 1 2 ) 1 . 395 3)
c 1 6 ) - C ( 4 1 1) 1. 524 4)
c 1 7 ) - N (11) 1. 494 4)
c 1 8 ) - N (11) 1 . 4 7 9 4)
c 1 8 ) - C (110) 1 . 508 6)
c 1 9 ) - N (11) 1 . 4 8 6 4)
c 1 9 ) - C (1 1 1 ) 1 . 522 6)
c 2 1 ) - C (26) 1 . 3 8 6 4)
c 2 1 ) - C( 2 2 ) 1 . 407 3)
c 2 2 ) - C ( 2 3 ) 1 . 3 9 9 4)
c 2 2 ) - C ( 2 3 ' ) 1 . 522 4)
c 2 3 " ) - C ( 2 3 1) 1 . 5 3 1 4)
c 2 3 ) - 0 ( 2 1 ) 1 . 3 8 3 3)
c 2 3 ) - C (24) 1 . 397 4)
c 2 3 ' ) - C( 3 6 ) 1 . 5 3 3 4)
c 2 4 ) - C (25) 1 . 412 4)
c 2 4 ) - C ( 2 7 ) 1 . 513 4)
c 2 4 ) - C (44) 8 . 5 2 5 4)
c 2 5 ) - 0 ( 2 2 ) 1 . 380 3)
c 2 5 ) - C ( 2 6 ) 1 . 392 4)
c 2 7 ) - N (21) 1 . 471 4)
c 2 8 ) -N (21) 1 . 502 5)
c 2 8 ) - C (210) 1 . 5 2 3 7)
c 2 9 ) - N (21) 1 . 471 4)
c 2 9 ) - C (211) 1 . 521 5)
c 3 1 ) - C (32) 1 . 3 9 6 4)
c 3 1 ) - C (36) 1 . 403 4)
c 3 2 ) - C ( 3 3 ) 1 . 4 0 5 4)
c 3 2 ) - C ( 3 4 1) 1 . 5 3 6 3)
c 3 3 ) - 0 ( 3 1 ) 1 . 3 8 9 3)
c 3 3 ) - C (34) 1 . 402 4)
c 3 4 ) - C (35) 1 . 4 0 9 4)
c 3 4 ) - C (37) 1 . 528 4)
c 3 4 " ) - C ( 3 4 ' ) 1 . 531 4)
c 3 4 ' ) - C( 4 6 ) 1 . 524 4)
c 3 5 ) - 0 ( 3 2 ) 1 . 384 3)
c 3 5 ) - C (36) 1 . 402 4)
16
17
C ( 3 7 ) - N (31) 1 . 4 8 3 ( 3 )
C ( 3 8 ) - N (31) 1 . 497  (4)
C ( 3 8 ) - C (310) 1 . 5 1 9 ( 5 )
C ( 3 9 ) - N (31) 1 . 477  (4)
C ( 3 9 ) - C (311) 1 . 5 2 1 ( 5 )
C ( 4 1 ' ) - C (41") 1 . 5 3 9 ( 4 )
C ( 4 1 ' ) - C (42) 1 . 5 3 9 ( 4 )
C ( 4 1 ) - C (4 6) 1 . 3 9 9 ( 4 )
C ( 4 1 ) - C (42) 1 . 4 0 2 ( 4 )
C ( 4 2 ) - C (43) 1 . 4 0 3 ( 4 )
C ( 4 3 ) - 0 ( 4 1 ) 1 . 3 8 7 ( 3 )
C ( 4 3 ) - C (44) 1 . 4 0 1  (4)
C ( 4 4 ) - C (45) 1 . 4 1 3 ( 4 )
C ( 4 4 ) - C (47) 1 . 5 1 9 ( 4 )
C ( 4 5 ) - 0 ( 4 2 ) 1 . 3 7 4 ( 3 )
C ( 4 5 ) - C (46) 1 . 404  (4)
C ( 4 7 ) - N (41) 1 . 5 0 5 ( 4 )
C ( 4 8 ) - N (41) 1 . 488  (4)
C ( 4 8 ) - C (410) 1 . 5 1 8 ( 5 )
C (4 9 ) - N (41) 1 . 4 8 1 ( 4 )
C (4 9 ) - C (411) 1 . 5 1 5 ( 6 )
C-C#l 1 . 5 2 9 ( 1 5 )
C - C l (2) 1 . 6 2 0 ( 1 3 )
C - C l ( l ) 1 . 7 4 0 ( 8 )
C - C l (2)#1 1 . 7 6 1 ( 1 3 )
C l ( 2 ) - C # l 1 . 7 6 1 ( 1 3 )
C ( l ' ) - C ( l ) 1 . 4 5 1 ( 5 )
C ( 1 ) - N (1) 1 . 1 3 6 ( 4 )
C ( 2 ' ) - C (2) 1 . 4 6 3 ( 6 )
C( 2 ) - N( 2 ) 1 . 1 2 0 ( 4 )
Bond angles
C ( 1 2 ) - C ( l l ) - C ( 1 6 ) 1 2 3 . 6 ( 2 )
C ( l l ) - C ( 1 2 ) - C ( 1 3 ) 1 1 7 . 4 ( 2 )
C ( l l ) - C ( l 2 ) - C ( l 2 ' ) 1 2 1 . 5 ( 2 )
C ( 1 3 ) - C ( 1 2 ) - C ( 1 2 ' ) 1 2 1 . 1 ( 2 )
C ( 1 2 " ) - C ( 1 2 ' ) - C (26) 1 1 2 . 5 ( 2 )
C ( 1 2 " ) - C ( 1 2 ' ) - C (12) 1 1 2 . 8 ( 2 )
C ( 2 6 ) - C ( 1 2 l ) - C (12) 1 1 0 . 3 ( 2 )
0 ( 1 1 ) - C ( 1 3 ) - C ( 1 2 ) 1 2 2 . 5 ( 3 )
0 ( 1 1 ) - C ( 1 3 ) - C (14) 1 1 5 . 8 ( 2 )
C ( 1 2 ) - C ( 1 3 ) - C ( 1 4 ) 1 2 1 . 7 ( 3 )
C ( 1 5 ) - C ( 1 4 ) - C ( 1 3 ) 1 1 8 . 2 ( 2 )
C ( 1 5 ) - C ( 1 4 ) - C (17) 1 2 1 . 2 ( 3 )
C ( 1 3 ) - C ( 1 4 ) - C ( 1 7 ) 1 2 0 . 6 ( 3 )
C ( 1 5 ) - C ( 1 4 ) - C (34) 7 2 . 6 4 ( 1 5 )
C ( 1 3 ) - C ( 1 4 ) - C ( 3 4 ) 7 2 . 0 7 ( 1 5 )
C ( 1 7 ) - C ( 1 4 ) -C (34) 1 2 7 . 6 9 ( 1 6 )
C ( 1 6 ) - C ( 1 5 ) - 0 ( 1 2 ) 1 1 8 . 3 ( 2 )
C ( 1 6 ) - C ( 1 5 ) - C ( 1 4 ) 1 2 2 . 3 ( 3 )
0 ( 1 2 ) - C ( 1 5 ) - C (14) 1 1 9 . 4 ( 2 )
C ( 1 5 ) - C ( 1 6 ) - C ( l l ) 1 1 6 . 8 ( 2 )
C ( 1 5 ) - C ( 1 6 ) - C ( 4 1 ' ) 1 2 0 . 6 ( 2 )
C ( l l ) - C ( l ô ) - C ( 4 l ' ) 1 2 2 . 6 ( 2 )
N ( 1 1 ) - C ( 1 7 ) - C (14) 1 1 1 . 8 ( 2 )
17
18
N 1 1 - C 1 8 ) - C ( 1 1 0 )
N 1 1 - C 1 9 ) - C ( l l l )
C 26 - C 2 1 ) -C(22)
C 23 - C 22) -C(21)
C 2 3 - C 22) - C ( 2 3 ' )
C 2 1 - C 22) - C ( 2 3 ' )
0 2 1 - C 23) - C ( 2 4 )
0 2 1 - C 23) -C(22)
C 2 4 - C 23) -C(22)
C 22 - C 2 3 ' ) - C ( 2 3 " )
C 22 - C 2 3 ' ) - C(36)
C 23 ' ) - C ( 2 3 ' ) - C ( 3 6 )
C 2 3 - C 24) -C(25)
C 2 3 - C 2 4 ) - C ( 2 7 )
C 2 5 - C 2 4 ) - C ( 2 7 )
C 23 - C 2 4 ) - C ( 4 4 )
C 25 - C 24) - C ( 4 4 )
C 2 7 - C 2 4 ) - C ( 4 4 )
0 22 - C 2 5 ) -C(26)
0 22 - C 2 5 ) - C ( 2 4 )
c 26 - C 25) - C ( 2 4 )
c 2 1 - C 26) - C ( 2 5 )
c 21 - C 26) - C ( 1 2 ' )
c 25 - C 26) - C ( 1 2 ' )
N 2 1 - C 2 7 ) - C ( 2 4 )
N 2 1 - C 28) - C ( 2 1 0 )
N 21 - C 29) - C ( 2 1 1 )
C 32 - C 3 1 ) -C(36)
C 3 1 - C 32) -C(33)
C 3 1 - C 32) - C ( 3 4 ' )
C 33 - C 32) - C ( 3 4 ' )
0 3 1 - C 3 3 ) ~ C  ( 3 4 )
0 3 1 - C 33) - C ( 3 2 )
C 3 4 - C 3 3 ) -C(32)
C 33 - c 3 4 ) - C ( 3 5 )
C 33 - c 3 4 ) - C ( 3 7 )
C 35 - c 3 4 ) -C(37)
C 3 3 - c 3 4 ) - C ( 1 4 )
C 3 5 - c 3 4 ) - C ( 1 4 )
C 3 7 - c 3 4 ) “ C ( 1 4 )
c 4 6 - c 3 4 1 ) - C ( 3 4 " )
c 4 6 - c 3 4 ' ) - C ( 3 2 )
c 3 4 ’ ) - C  ( 3 4 ' ) - C ( 3 2 )
0 3 2 - C 3 5 ) -C(36)
0 32 - C 3 5 ) - C ( 3 4 )
c 36 - C 3 5 ) - C ( 3 4 )
c 3 5 - C 36) - C ( 3 1 )
c 3 5 - C 36) - C ( 2 3 ' )
c 3 1 - C 3 6 ) - C ( 2 3 ' )
N 3 1 - c 3 7 ) -C(34)
N 3 1 - c 38) - C ( 3 1 0 )
N 3 1 - c 39) - C ( 3 1 1 )
C 1 6 - c 4 1 ' ) - C ( 4 1 " )
C 1 6 - c 4 1 ' ) - C ( 4 2 )
c 4 1
1—1
ü1 ' ) - C ( 4 2 )
c 4 6 - c 4 1 ) - C ( 4 2 )
c 4 3 -c 4 2 ) - C ( 4 1 )
1 1 4 . 1 ( 3 )  
1 1 3 . 2 ( 3 )  
1 2 3 . 9 ( 2 )  
1 1 6 . 9 ( 2 )
120 . 4  (2) 
1 2 2 . 7 ( 2 )  
1 1 5 . 7 ( 2 )  
1 2 2 . 7 ( 2 )  
1 2 1 . 6 ( 2 )
112 . 7  (2) 
1 1 1 . 3 ( 2 )
112 . 4  (2)
1 1 8 . 7  (2)
119 . 7  (2) 
1 2 1 . 6 ( 2 )
7 2 . 1 5 ( 1 6 )  
7 3 . 6 4 ( 1 6 )  
1 2 6 . 3 9 ( 1 8 )  
1 1 8 . 9 ( 2 )  
1 1 9 . 5 ( 2 )  
1 2 1 . 7 ( 2 )  
1 1 7 . 3 ( 2 )  
1 2 2 . 5 ( 2 )  
1 2 0 . 2  ( 2 ) 
1 1 1 . 6 ( 2 ) 
1 1 4 . 2 ( 4 )  
1 1 5 . 3 ( 3 )  
1 2 3 . 1 ( 2 )  
1 1 8 . 2 ( 2 )
1 20 . 7  (2) 
1 2 1 . 1 ( 2 ) 
1 1 6 . 3 ( 2 )  
1 2 2 . 5 ( 2 )  
1 2 1 . 2 (2 ) 
1 1 8 . 3 ( 2 )  
1 2 1 . 0 ( 2 )
120 . 7  (2) 
7 1 . 1 6 ( 1 5 )  
7 3 . 0 2 ( 1 4 )
1 2 7 . 7 6 ( 1 6 )
112 . 4  (2) 
1 1 1 . 5 ( 2 )  
1 1 2 . 5 ( 2 )
118 . 4  (2) 
1 1 9 . 2 ( 2 )
122 . 4  (2) 
1 1 6 . 8 ( 2 )  
1 2 1 . 2 (2 ) 
1 2 2 . 0(2  
1 1 0 . 1 (2 ) 
1 1 3 . 0 ( 3 )  
1 1 2 . 0 ( 3 )  
1 1 2 . 3 ( 2 )  
1 1 1 . 5 ( 2 )  
1 1 2 . 6 ( 2 ) 
1 2 3 . 2 ( 3 )  
1 1 7 . 1 ( 2 )
18
19
C ( 4 3 ) - C ( 4 2 ) - C ( 4 1 ' ) 1 2 2 . 1 ( 2 )
C ( 4 1 ) - C ( 4 2 ) - C ( 4 1 ' ) 1 2 0 . 7  ( 2 )
0 ( 4 1 ) - C ( 4 3 ) - C ( 4 4 ) 1 1 5 . 9 ( 2 )
0 ( 4 1 ) - C ( 4 3 ) - C ( 4 2 ) 1 2 2 . 1  ( 2 )
C ( 4 4 ) - C ( 4 3 ) - C ( 4 2 ) 1 2 1 . 9 ( 3 )
C ( 4 3 ) - C ( 4 4 ) - C ( 4 5 ) 1 1 8 . 9 ( 3 )
C ( 4 3 ) - C ( 4 4 ) - C ( 4 7 ) 1 2 1 . 4 ( 3 )
C ( 4 5 ) - C ( 4 4 ) - C ( 4 7 ) 1 1 9 . 7 ( 3 )
0 ( 4 3 ) - C ( 4 4 ) - C ( 2 4 ) 7 1 . 0 3 ( 1 6 )
0 ( 4 5 ) - 0 ( 4 4 ) - 0 ( 2 4 ) 7 3 . 5 0 ( 1 6 )
0 ( 4 7 ) - 0 ( 4 4 ) - 0 ( 2 4 ) 1 2 6 . 7 9 ( 1 8 )
0 ( 4 2 ) - 0 ( 4 5 ) - 0 ( 4 6 ) 1 1 9 . 6 ( 2 )
0 ( 4 2 ) - 0 ( 4 5 ) - 0 ( 4 4 ) 1 1 9 . 6 ( 3 )
0 ( 4 6 ) - 0 ( 4 5 ) - 0 ( 4 4 ) 1 2 0 . 8 ( 3 )
0 ( 4 1 ) - 0 ( 4 6 ) - 0 ( 4 5 ) 1 1 8 . 0 ( 2 )
0 ( 4 1 ) - 0 ( 4 6 ) - 0 ( 3 4 ' ) 1 2 2 . 3  ( 2 )
0 ( 4 5 ) - 0 ( 4 6 ) - 0 ( 3 4 ' ) 1 1 9 . 8 ( 2 )
N ( 4 1 ) - 0 ( 4 7 ) - 0 ( 4 4 ) 1 0 9 . 9 ( 2 )
N ( 4 1 ) - 0 ( 4 8 ) - 0 ( 4 1 0 ) 1 1 3 . 1 ( 3 )
N ( 4 1 ) - 0 ( 4 9 ) - 0 ( 4 1 1 ) 1 1 3 . 3 ( 3 )
0 ( 1 8 ) - N  ( 1 1 ) - 0 ( 1 9 ) 1 1 1 . 9 ( 3 )
0 ( 1 8 ) - N ( 1 1 ) - 0 ( 1 7 ) 1 0 9 . 8 ( 3 )
0 ( 1 9 ) - N ( 1 1 ) - 0 ( 1 7 ) 1 0 9 . 9 ( 3 )
0 ( 2 7 ) - N ( 2 1 ) - 0 ( 2 9 ) 1 1 1 . 9 ( 3 )
C ( 2 7 ) - N ( 2 1 ) - C ( 2 8 ) 1 1 0 . 2 ( 3 )
0 ( 2 9 ) - N ( 2 1 ) - 0 ( 2 8 ) 1 1 3 . 6 ( 3 )
0 ( 3 9 ) - N ( 3 1 ) - 0 ( 3 7 ) 1 0 9 . 7  ( 2 )
0 ( 3 9 ) - N ( 3 1 ) - 0 ( 3 8 ) 1 1 1 . 9 ( 2 )
0 ( 3 7 ) - N ( 3 1 ) - 0 ( 3 8 ) 1 1 1 . 5 ( 2 )
0 ( 4 9 ) - N ( 4 1 ) - 0 ( 4 8 ) 1 1 2 . 3 ( 3 )
0 ( 4 9 ) - N ( 4 1 ) - 0 ( 4 7 ) 1 1 1 . 6 ( 3 )
0 ( 4 8 ) - N ( 4 1 ) - 0 ( 4 7 ) 1 1 0 . 2  ( 3 )
C # 1 - C - C 1 ( 2 ) 6 7 . 9 ( 9 )
C # 1 - C - C 1 ( 1 ) 1 3 2 . 8 ( 8 )
0 1 ( 2 ) - C - C l ( 1 ) 1 1 0 . 7 ( 6 )
C # 1 - C - C 1 ( 2 ) # 1 5 8 . 5 ( 9 )
0 1 ( 2 ) - C - C l ( 2 ) # 1 1 2 6 . 4 ( 4 )
0 1 ( 1 ) - 0 - 0 1 ( 2 ) # ! 1 0 5 . 3 ( 7 )
C - C l ( 2 ) - C # l 5 3 . 6 ( 4 )
N ( 1 ) - 0 ( 1 ) - 0 ( 1 ' ) 1 7 8 . 9 ( 4 )
N ( 2 )  - 0  ( 2 )  - 0  ( 2  1 ) 1 7 9 . 1 ( 6 )
S y m m e t r y  t r a n s f o r m a t i o n s  u s e d  t o  g e n e r a t e  e q u i v a l e n t  a t o m s  :
# 1  - x + 2 , - y + 2 , - z + 1
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Table 18b. Interatomic bond distances (Â) and angles (°) in diethyl thiophosphate 
calix[4]resorcarene. To be deposited.
Bond distances
C (ll)-C (16) 1.397(6) C(34A)-C(34B) 1.477(14)
C (ll)-C (12) 1.401(6) C(34A)-0(34) 1.483(8)
C(12')-C(26) 1.519(7) C(35)-C(36) 1.388(7)
C(12')-C(12) 1.523(6) C(35)-0(32) 1.412(6)
C(12')-C(12") 1.530(6) C(35A)-0(35) 1.173(10)
C(12)-C(13) 1.372(7) C(35A)-C(35B) 1.66(6)
C(13)-C(14) 1.386(7) C(36A)-C(36B) 1.454(10)
C (1 3 )-0 (ll) 1.409(6) C(36A)-0(36) 1.464(7)
C(13A)-C(13B) 1.24(2) C(41")-C(41') 1.535(6)
C(13A)-0(13) 1.455(16) C(41)-C(46) 1.387(7)
C(14)-C(15) 1.381(7) C(41)-C(42) 1.393(6)
C(14A)-C(14B) 1.499(18) C(41')-C(42) 1.520(6)
C(14A)-0(14) 1.504(12) C(42)-C(43) 1.386(6)
C(15)-C(16) 1.378(7) C(43)-C(44) 1.382(7)
C(15)-0(12) 1.407(5) C(43)-0(41) 1.401(6)
C(15A)-0(15) 0.991(14) C(43A)-C(43B) 1.345(16)
C(15A)-C(15B) 1.20(2) C(43A)-0(43) 1.448(7)
C(16)-C(41') 1.515(6) C(44)-C(45) 1.382(7)
C(16A)-0(16) 1.461(7) C(44A)-0(44) 1.464(7)
C(16A)-C(16B) 1.475(9) C(44A)-C(44B) 1.491(8)
C(21)-C(26) 1.386(7) C(45)-C(46) 1.384(6)
C(21)-C(22) 1.403(7) C(45)-0(42) 1.395(5)
C(22)-C(23) 1.396(6) C(45A)-C(45B) 1.446(10)
C(22)-C(23') 1.511(7) C(45A)-0(45) 1.453(6)
C(23")-C(23') 1.539(7) C(46A)-C(46B) 1.415(10)
C (23')-C(36) 1.520(7) C(46A)-0(46) 1.457(7)
C(23)-C(24) 1.376(7) 0 (H )-P (11) 1.589(4)
C(23)-0(21) 1.410(6) 0(12)-P(12) 1.584(4)
C(23A)-0(23) 1.451(8) 0(13)-P(11) 1.569(7)
C(23A)-C(23B) 1.451(13) 0(14)-P(12) 1.580(4)
C(24)-C(25) 1.377(7) 0(15)-P(11) 1.569(6)
C(24A)-0(24) 1.445(7) 0(16)-P(12) 1.570(4)
C(24A)-C(24B) 1.461(10) 0(21)-P(21) 1.603(4)
C(25)-C(26) 1.395(6) 0(22)-P(22) 1.592(3)
C(25)-0(22) 1.396(6) 0(23)-P(21) 1.554(4)
C(25A)-C(25B) 1.453(10) 0(24)-P(22) 1.571(4)
C(25A)-0(25) 1.462(7) 0(25)-P(21) 1.565(5)
C(26A)-C(26B) 1.213(14) 0(26)-P(22) 1.562(4)
C(26A)-0(26) 1.469(10) 0(31)-P(31) 1.553(4)
C(31)-C(36) 1.385(7) 0(32)-P(32) 1.594(4)
C(31)-C(32) 1.396(6) 0(33)-P(31) 1.596(6)
C(32)-C(33) 1.375(7) 0(34)-P(32) 1.569(4)
C(32)-C(34') 1.522(6) 0(35)-P(31) 1.543(6)
C(33)-C(34) 1.380(8) 0(36)-P(32) 1.558(4)
C(33)-0(31) 1.420(6) 0(41)-P(41) 1.590(3)
C(33A)-0(33) 1.368(10) 0(42)-P(42) 1.602(3)
C(33A)-C(33B) 1.468(13) 0(43)-P(41) 1.575(4)
C(34)-C(35) 1.378(7) 0(44)-P(42) 1.566(4)
C(34')-C(46) 1.505(6) 0(45)-P(41) 1.559(4)
C(34')-C(34") 1.536(6) 0(46)-P(42) 1.567(4)
20
21
P ( l l) -S ( l l ) 1.908(3) P(31)-S(31) 1.936(3)
P(12)-S(12) 1.905(2) P(32)-S(32) 1.895(2)
P(21)-S(21) 1.910(2) P(41)-S(41) 1.9012(19)
P(22)-S(22) 1.908(2) P(42)-S(42) 1.908(2)
Bond angles
C(16)-C(ll)-C(12) 122.6(5) C(34)-C(33)-0(31) 119.9(5)
C(26)-C( 12')-C( 12) 111.5(4) 0(33)-C(33A)-C(33B) 108.1(8)
C(26)-C(l 2')-C(l 2") 113.9(4) C(35)-C(34)-C(33) 117.8(5)
C(12)-C(12')-C(12") 109.2(4) C(46)-C(34')-C(32) 112.5(4)
C(13)-C(12)-C(ll) 117.0(4) C(46)-C(34')-C(34") 113.9(4)
C(13)-C(12)-C(12') 122.7(4) C(32)-C(34')-C(34") 109.1(4)
C( 11 )-C( 12)-C( 12') 120.3(4) C(34B)-C(34A)-0(34) 110.8(7)
C(12)-C(13)-C(14) 122.9(4) C(34)-C(35)-C(36) 122.8(5)
C (12)-C (13)-0(ll) 117.7(4) C(34)-C(35)-0(32) 119.6(5)
C (14)-C (13)-0(ll) 119.2(5) C(36)-C(35)-0(32) 117.4(4)
C( 13B)-C( 13 A )-0 ( 13) 119.1(14) 0(35)-C(35A)-C(35B) 108(3)
C(15)-C(14)-C(13) 117.8(5) C(31)-C(36)-C(35) 116.4(4)
C( 14B)-C( 14 A )-0 ( 14) 112.2(12) C(31 )-C(3 6)-C(23 ') 121.4(4)
C(16)-C(15)-C(14) 123.0(4) C(3 5)-C(3 6)-C(23 ') 122.2(4)
C( 16)-C( 15 )-0 ( 12) 117.2(4) C(36B)-C(36A)-0(36) 110.8(6)
C(14)-C(15)-0(12) 119.7(4) C(46)-C(41 )-C(42) 123.4(4)
0 (  15)-C( 15 A)-C( 15B) 146(4) C(16)-C(41')-C(42) 111.6(3)
C (15)-C(16)-C(ll) 116.8(4) C(16)-C(41 ')-C(41 ") 109.2(3)
C(15)-C( 16)-C(41 ') 122.2(4) C(42)-C(41')-C(41") 114.2(4)
C(ll)-C(16)-C(41') 121.0(4) C(43)-C(42)-C(41 ) 116.7(4)
0(16)-C (16 A)-C( 16B) 112.2(5) C(43)-C(42)-C(41 ') 119.9(4)
C(26)-C(21 )-C(22) 123.8(4) C(41 )-C(42)-C(41 ') 123.4(4)
C(23)-C(22)-C(21) 115.7(4) C(44)-C(43)-C(42) 122.4(4)
C(23)-C(22)-C(23') 121.1(4) C(44)-C(43)-0(41) 121.6(4)
C(21 )-C(22)-C(23 ') 123.2(4) C (42)-C(43)-0(41 ) 116.0(4)
C(22)-C(23')-C(36) 112.6(4) C(43B)-C(43A)-0(43) 112.9(9)
C(22)-C(23 ')-C(23 ") 113.1(4) C(45)-C(44)-C(43) 118.1(4)
C(36)-C(23')-C(23") 109.0(4) 0(44)-C(44A)-C(44B) 108.1(5)
C(24)-C(23)-C(22) 123.0(4) C(44)-C(45)-C(46) 122.8(4)
C (24)-C(23)-0(21 ) 118.5(4) C(44)-C(45)-0(42) 120.1(4)
C(22)-C(23)-0(21) 118.4(4) C(46)-C(45)-0(42) 117.1(4)
0(23)-C(23A)-C(23B) 110.2(8) C(45B)-C(45A)-0(45) 108.5(5)
C(23)-C(24)-C(25) 118.5(4) C(45)-C(46)-C(41) 116.6(4)
0(24)-C(24A)-C(24B) 108.2(6) C(45)-C(46)-C(34') 119.7(4)
C(24)-C(25)-C(26) 122.3(4) C(41 )-C(46)-C(34') 123.6(4)
C(24)-C(25)-0(22) 120.3(4) C(46B)-C(46A)-0(46) 110.8(6)
C(26)-C(25)-0(22) 117.3(4) C (13)-0 (11)-P (ll) 124.2(3)
C(25B)-C(25A)-0(25) 110.6(5) C(15)-0(12)-P(12) 126.3(3)
C(21 )-C(26)-C(25) 116.7(4) C (13A )-0(13)-P(11) 124.2(7)
C(21 )-C(26)-C( 12') 124.5(4) C( 14 A )-0 ( 14)-P( 12) 121.6(6)
C(25)-C(26)-C( 12') 118.8(4) C (15A )-0(15)-P(11) 152.4(16)
C(26B)-C(26A)-0(26) 120.7(10) C( 16 A )-0 ( 16)-P( 12) 123.4(4)
C(36)-C(31)-C(32) 123.4(5) C(23)-0(21)-P(21) 120.3(3)
C(33)-C(32)-C(31) 116.6(4) C(25)-0(22)-P(22) 122.7(3)
C(33)-C(32)-C(34') 121.4(4) C (23A)-0(23)-P(21) 121.5(4)
C(31 )-C(32)-C(34') 122.0(4) C (24A)-0(24)-P(22) 121.7(4)
C(32)-C(33)-C(34) 122.9(5) C (25A)-0(25)-P(21) 125.6(4)
C(32)-C(33)-0(31) 117.1(4) C (26A)-0(26)-P(22) 121.5(5)
21
22
C(33)-0(31)-P(31) 127.8(4) 0(26)-P (22)-0(22) 101.7(2)
C(35)-0(32)-P(32) 125.5(3) 0(24)-P (22)-0(22) 100.24(19)
C(33 A )-0(33)-P(31) 120.3(6) 0(26)-P(22)-S(22) 113.02(18)
C(34A)-0(34)-P(32) 122.8(5) 0(24)-P(22)-S(22) 116.35(16)
C(35A)-0(35)-P(31) 134.2(9) 0(22)-P(22)-S(22) 116.25(15)
C(36A)-0(36)-P(32) 122.1(4) 0(35)-P (31)-0(31) 102.3(3)
C (43)-0(41 )-P(41 ) 126.4(3) 0(35)-P (31)-0(33) 103.5(3)
C(45)-0(42)-P(42) 124.3(3) 0(31)-P (31)-0(33) 108.2(3)
C(43A)-0(43)-P(41) 123.2(5) 0(35)-P(31)-S(31) 116.1(3)
C(44A)-0(44)-P(42) 121.7(3) 0(31)-P(31)-S(31) 109.5(2)
C(45A)-0(45)-P(41) 122.2(3) 0(33)-P(31)-S(31) 116.1(2)
C(46A)-0(46)-P(42) 121.0(4) 0 (3  6)-P(32)-0(34) 101.4(2)
0(15)-P(11)-0(13) 102.8(5) 0 (3  6)-P(32)-0(32) 100.3(2)
0(15)-P(11)-0(11) 98.7(3) 0(34)-P (32)-0(32) 102.9(2)
0(13)-P(11)-0(11) 102.4(3) 0(36)-P(32)-S(32) 118.54(19)
0(15)-P(11)-S(11) 117.6(3) 0(34)-P(32)-S(32) 115.7(2)
0(13)-P(11)-S(11) 116.3(3) 0(32)-P(32)-S(32) 115.51(17)
0(11)-P(11)-S(11) 116.39(18) 0(45)-P (41)-0(43) 107.8(2)
0(16)-P(12)-0(14) 102.7(2) 0(45)-P (41 ) -0 (4 1 ) 101.17(19)
0(16)-P(12)-0(12) 99.8(2) 0(43)-P (41 ) -0 (4 1 ) 99.1(2)
0 (  14)-P( 12 )-0 ( 12) 103.6(2) 0(45)-P (41 )-S (41 ) 111.90(15)
0(16)-P(12)-S(12) 117.95(17) 0(43)-P(41)-S(41) 117.13(16)
0(14)-P(12)-S(12) 114.45(18) 0(41)-P(41)-S(41) 117.80(15)
0(12)-P(12)-S(12) 116.10(15) 0(44)-P (42)-0(46) 102.7(2)
0(23)-P (21 )-0(25) 106.7(3) 0(44)-P (42)-0(42) 106.10(19)
0(23)-P (21 ) -0 (2 1 ) 99.9(2) 0(46)-P (42)-0(42) 99.75(19)
0(25)-P (21 ) -0 (2 1 ) 102.4(2) 0(44)-P(42)-S(42) 113.05(17)
0(23)-P (21 )-S(21 ) 112.39(19) 0(46)-P(42)-S(42) 118.53(16)
0(25)-P (21 )-S(21 ) 116.19(19) 0(42)-P(42)-S(42) 114.97(15)
0(21)-P(21)-S(21) 117.46(17)
0(26)-P(22)-0(24) 107.5(2)
22
Table 19 a. Anisotropic displacement parameters (Â2 x 103) for diethyl amine calix[4]resorcarene. 
The anisotropic displacement factor exponent takes the form: -27i2(h2a*2Un + ... + 2hka*b*Ui2). To 
be deposited.
Atom Ull U22 U33 U23 U13 U12
c 11) 26 1) 31 1) 22 1) 6 1) 4 1) 17 1)
c 12") 37 2) 50 2) 25 1) 12 1) 7 1) 29 2)
c 12) 25 1) 35 2) 21 1) 11 1) 6 1) 20 1)
c 12 '  ) 28 1) 38 2) 25 1) 12 1) 9 1) 20 1)
c 13) 24 1) 33 2) 29 2) 12 1) 8 1) 15 1)
c 14) 27 1) 31 1) 26 1) 7 1) 4 1) 14 1)
c 15) 26 1) 35 2) 23 1) 9 1) 8 1) 18 1)
c 16) 21 1) 32 1) 23 1) 8 1) 5 1) 16 1)
c 17) 37 2) 34 2) 31 2) 6 1) 8 1) 11 1)
c 18) 71 3) 47 2) 39 2) 0 2) 6 2) 12 2)
c 19) 51 2) 62 2) 41 2) 13 2) - 3 2) 22 2)
c 21) 20 1) 36 2) 21 1) 10 1) 6 1) 13 1)
c 22) 22 1) 35 2) 20 1) 9 1) 8 1) 14 1)
c 23") 30 2) 44 2) 23 1) 4 1) 5 1) 18 1)
c 23) 21 1) 37 2) 30 2) 15 1) 9 1) 15 1)
c 23 '  ) 23 1) 34 2) 22 1) 7 1) 6 1) 16 1)
c 24) 22 1) 35 2) 36 2) 19 1) 9 1) 12 1)
c 25) 25 1) 33 2) 31 2) 16 1) 11 1) 13 1)
c 26) 23 1) 34 2) 23 1) 12 1) 9 1) 16 1)
c 27) 24 1) 39 2) 55 2) 23 2) 6 1) 12 1)
c 28) 54 2) 65 3) 57 2) 27 2) 3 2) 7 2)
c 29) 28 2) 45 2) 79 3) 29 2) 1 2) 4 2)
c 31) 18 1) 25 1) 23 1) 2 1) 0 1) 8 1)
c 32) 18 1) 20 1) 25 1) 0 1) 3 1) 6 1)
c 33) 21 1) 22 1) 23 1) 6 1) 3 1) 5 1)
c 34) 20 1) 23 1) 26 1) 6 1) 2 1) 7 1)
c 34") 21 1) 29 1) 34 2) 0 1) 0 1) 6 1)
c 34 '  ) 17 1) 24 1) 27 1) 5 1) 3 1) 5 1)
c 35) 17 1) 23 1) 26 1) 2 1) 4 1) 8 1)
c 36) 20 1) 24 1) 21 1) 1 1) 1 1) 9 1)
c 37) 22 1) 36 2) 36 2) 16 1) 4 1) 10 1)
c 38) 27 2) 67 2) 54 2) 28 2) 2 2) 19 2)
c 39) 30 2) 45 2) 31 2) 2 1) 3 1) 11 1)
c 41 '  ) 21 1) 34 2) 25 1) 5 1) 6 1) 15 1)
c 41) 15 1) 29 1) 25 1) 5 1) 3 1) 6 1)
c 41") 20 1) 42 2) 32 2) 5 1) 1 1) 15 1)
c 42) 16 1) 29 1) 26 1) 6 1) 5 1) 8 1)
c 43) 22 1) 31 1) 27 1) 5 1) 9 1) 12 1)
c 44) 29 2) 37 2) 26 2) 7 1) 9 1) 16 1)
c 45) 22 1) 29 1) 31 2) 10 1) 5 1) 9 1)
c 46) 14 1) 28 1) 27 1) 5 1) 4 1) 6 1)
c 47) 53 2) 49 2) 31 2) 13 2) 15 1) 31 2)
c 48) 47 2) 43 2) 37 2) 5 2) -1 2) 12 2)
c 49) 75 3) 72 3) 33 2) 16 2) 14 2) 47 2)
c 110) 113 4) 53 2) 54 3) 8 2) 25 2) 38 3)
c 111) 85 3) 83 3) 67 3) 39 3) - 5 2) 30 3)
c 210) 114 4) 85 3) 55 3) 10 3) 18 3) 30 3)
c 211) 32 2) 65 3) 137 5) 47 3) -12 2) 7 2)
c 310) 39 2) 66 2) 76 3) 27 2) 11 2) 29 2)
c 311) 38 2) 49 2) 55 2) 1 2) 4 2) 4 2
23
24
C ( 4 1 0 ) 4 1 ( 2 ) 56(2) 53(2) 8(2) 0(2) 12(2)
C ( 4 1 1 ) 9 1 ( 3 ) 99(3) 58(3) 49(3) 43(2) 5 1 ( 3 )
N ( 1 1  ) 42(2) 3 9 ( 1 ) 2 7 ( 1 ) 4 ( 1 ) 3 ( 1 ) 1 3 ( 1 )
N ( 2 1 ) 2 4  ( 1 ) 3 5 ( 1 ) 5 4 ( 2 ) 1 8 ( 1 ) 0 ( 1 ) 4 ( 1 )
N ( 3 1  ) 1 8 ( 1 ) 4 1 ( 1 ) 3 2 ( 1 ) 1 2 ( 1 ) - 1 ( 1 ) 1 0 ( 1 )
N ( 4 1  ) 48(2) 45(2) 2 7 ( 1 ) 1 0 ( 1 ) 8 ( 1 ) 2 4 ( 1 )
0 ( 1 1 ) 3 2 ( 1 ) 33(1) 4 3 ( 1 ) 1 0 ( 1 ) 1 5 ( 1 ) 9 ( 1 )
0 ( 1 2 ) 3 3 ( 1 ) 3 6 ( 1 ) 23(1) 2 ( 1 ) 1 1 ( 1 ) 1 6 ( 1 )
0 ( 2 1 ) 1 9 ( 1 ) 3 7 ( 1 ) 5 2 ( 1 ) 2 0 ( 1 ) 9 ( 1 ) 1 4 ( 1 )
0( 22) 26( 1 ) 3 4 ( 1 ) 4 5 ( 1 ) 1 6 ( 1 ) 1 0 ( 1 ) 1 2 ( 1 )
0 ( 3 1 ) 23(1) 3 9 ( 1 ) 3 4 ( 1 ) 1 6 ( 1 ) 8 ( 1 ) 1 2 ( 1 )
0(32) 1 7 ( 1 ) 39(1) 3 0 ( 1 ) 1 4 ( 1 ) 6 ( 1 ) 1 4 ( 1 )
0 ( 4 1 ) 4 4 ( 1 ) 3 8 ( 1 ) 28(1) 6 ( 1 ) 1 3 ( 1 ) 2 4 ( 1 )
0 ( 4 2 ) 3 9 ( 1 ) 3 8 ( 1 ) 2 9 ( 1 ) 1 2 ( 1 ) 8 ( 1 ) 1 8 ( 1 )
C 3 5 ( 4 ) 52(5) 1 3 1 ( 9 ) - 4 8 ( 5 ) 3 0 ( 5 ) 7 ( 4 )
0 1 ( 1 ) 5 8 ( 1 ) 96(2) 87(2) 8 ( 1 ) 1 8 ( 1 ) 2 5 ( 1 )
0 1 ( 2 ) 122(1) 7 1 ( 1 ) 8 1 ( 1 ) 1 2 ( 1 ) 2 5 ( 1 ) 3 8 ( 1 )
0 ( 1 '  ) 48(2) 58(2) 42(2) 9(2) 0(2) 1 8 ( 2 )
0 ( 1 ) 42(2) 46(2) 38(2) 15(2) 8(2) 1 8 ( 2 )
N ( 1 ) 7 1 ( 2 ) 79(2) 5 0 ( 2 ) 18(2) - 4 ( 2 ) 1 9 ( 2 )
0 ( 2 ' ) 1 2 2 ( 5 ) 82(3) 8 9 ( 4 ) - 2 7 ( 3 ) - 5 0 ( 3 ) 6 7 ( 3 )
0(2 ) 5 0 ( 2 ) 48(2) 59(2) 4(2) 0(2) 33(2)
N ( 2 ) 4 1 ( 2 ) 62(2) 64(2) 1 0 ( 2 ) - 2 ( 2 ) 22(2)
24
25
Table 19b. Anisotropic displacement parameters (Â2 x 103) for diethyl thiophosphate 
calix[4]resorcarene. The anisotropic displacement factor exponent takes the form: -27i2(h2a*2Un + ... 
+ 2hka*b*Ui2). To be deposited.
Atom U l l U 2 2 U 33 U 23 U 13 U 12
C (l l) 36(2) 48(3) 27(2) -13(2) 1(2) -19(2)
C(12') 34(2) 60(3) 35(2) -17(2) 3(2) -28(2)
C(12) 40(2) 52(3) 29(2) -16(2) 2(2) -24(2)
C(12") 34(2) 84(4) 35(2) -21(3) 8(2) -28(3)
C(13) 47(3) 52(3) 46(3) -21(2) 5(2) -30(2)
C(13A) 186(14) 143(12) 173(13) -117(11) -27(11) 2(10)
C(13B) 410(40) 100(11) 210(19) 35(12) -120(20) 1(15)
C(14) 47(3) 41(3) 50(3) -16(2) 2(2) -19(2)
C(14A) 171(12) 127(10) 144(10) -65(8) 4(9) -39(9)
C(14B) 280(20) 168(15) 207(17) -83(13) -36(15) -86(15)
C(15) 32(2) 49(3) 37(2) -19(2) 2(2) -15(2)
C(15A) 112(11) 350(30) 770(60) -350(40) 0(20) -119(16)
C(15B) 250(30) 320(30) 1280(110) -470(50) -480(50) 140(20)
C(16) 35(2) 47(3) 24(2) -15(2) 3(2) -20(2)
C(16A) 43(3) 101(5) 62(4) -23(4) 0(3) -34(3)
C(16B) 50(3) 90(5) 53(3) -25(3) 5(3) -37(3)
C(21) 36(2) 58(3) 35(2) -23(2) 6(2) -27(2)
C(22) 31(2) 48(3) 38(2) -19(2) 2(2) -18(2)
C(23") 46(3) 58(3) 55(3) -26(3) 14(2) -16(3)
C(23') 34(2) 49(3) 45(3) -22(2) 4(2) -16(2)
C(23) 43(2) 44(3) 33(2) -13(2) 1(2) -21(2)
C(23A) 143(8) 55(4) 62(4) -10(3) -18(5) -10(5)
C(23B) 211(13) 89(7) 132(9) -51(6) 79(9) -77(8)
C(24) 43(3) 49(3) 34(2) -20(2) 4(2) -19(2)
C(24A) 103(5) 60(4) 60(4) -32(3) -15(4) -20(4)
C(24B) 166(9) 117(7) 57(4) -48(5) 10(5) -66(7)
C(25) 32(2) 46(3) 38(2) -17(2) 1(2) -17(2)
C(25A) 62(4) 69(4) 96(5) -21(4) -26(4) -28(3)
C(25B) 81(5) 131(7) 86(5) 23(5) -25(4) -66(5)
C(26) 32(2) 54(3) 33(2) -18(2) 2(2) -27(2)
C(26A) 53(5) 151(9) 129(8) 36(7) 25(5) 27(5)
C(26B) 74(7) 350(20) 91(7) -43(11) -7(6) -29(10)
C(31) 39(2) 43(3) 39(2) -19(2) 6(2) -17(2)
C(32) 41(2) 38(2) 41(2) -19(2) 5(2) -16(2)
C(33) 49(3) 39(3) 53(3) -16(2) 1(2) -19(2)
C(33A) 103(7) 160(10) 73(5) -45(6) -7(5) -3(7)
C(33B) 111(7) 82(5) 102(6) 1(5) -49(5) -30(5)
C(34) 48(3) 41(3) 66(3) -15(2) -5(3) -14(2)
C(34') 38(2) 40(2) 37(2) -17(2) 6(2) -19(2)
C(34") 50(3) 42(3) 48(3) -24(2) 1(2) -18(2)
C(34A) 110(7) 58(4) 143(8) -39(5) -2(6) -28(5)
C(34B) 151(10) 82(6) 123(8) -25(6) -33(7) 22(6)
C(35) 38(3) 50(3) 53(3) -26(2) 0(2) -11(2)
C(35A) 222(15) 271(17) 81(7) -103(9) -58(8) 169(14)
C(35B) 300(30) 2000(190) 84(11) -250(40) -41(15) 530(70)
C(36) 40(2) 43(3) 41(2) -21(2) 4(2) -18(2)
C(36A) 65(4) 64(4) 71(4) -1(3) 2(3) -28(3)
C(36B) 80(5) 100(6) 124(7) -64(5) 50(5) -57(5)
C(41") 50(3) 53(3) 35(2) -18(2) -2(2) -28(2)
25
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C(41) 30(2) 48(3) 33(2) -20(2) 7(2) -21(2)
C(41') 30(2) 49(3) 31(2) -16(2) 3(2) -19(2)
C(42) 27(2) 46(3) 33(2) -19(2) 8(2) -20(2)
C(43) 35(2) 40(2) 32(2) -15(2) 3(2) -11(2)
C(43A) 96(6) 166(9) 41(3) -26(5) 28(4) -52(6)
C(43B) 117(9) 420(30) 161(12) -212(16) 75(9) -78(13)
C(44) 45(3) 42(3) 31(2) -17(2) 4(2) -11(2)
C(44A) 71(4) 62(4) 57(3) -26(3) 2(3) -31(3)
C(44B) 103(5) 68(4) 69(4) -25(3) -20(4) -34(4)
C(45) 38(2) 41(2) 31(2) -12(2) 2(2) -14(2)
C(45A) 46(3) 57(3) 59(3) -25(3) -10(2) -7(2)
C(45B) 150(10) 73(6) 380(20) -90(10) -188(13) 39(6)
C(46) 33(2) 43(2) 34(2) -19(2) 7(2) -19(2)
C(46A) 107(6) 43(3) 66(4) -7(3) -26(4) -20(3)
C(46B) 130(7) 48(4) 111(6) 0(4) -54(6) -22(4)
0(11) 65(2) 60(2) 67(2) -20(2) 3(2) -41(2)
0(12) 33(2) 48(2) 41(2) -16(2) 3(1) -12(1)
0(13) 142(5) 44(3) 93(4) -16(3) 22(4) -28(3)
0(14) 53(2) 53(2) 62(2) -14(2) -6(2) -15(2)
0(15) 251(10) 210(8) 106(5) -43(5) 24(5) -210(8)
0(16) 35(2) 78(3) 57(2) -20(2) 5(2) -21(2)
0(21) 58(2) 45(2) 35(2) -11(2) 2(2) -19(2)
0(22) 41(2) 50(2) 41(2) -21(2) -2(1) -13(2)
0(23) 129(4) 56(3) 41(2) -6(2) -16(2) -19(3)
0(24) 52(2) 53(2) 50(2) -27(2) -3(2) -14(2)
0(25) 57(2) 56(2) 61(2) -17(2) -13(2) -19(2)
0(26) 56(2) 52(2) 62(2) -15(2) 12(2) 2(2)
0(31) 56(2) 44(2) 68(2) -11(2) 0(2) -24(2)
0(32) 38(2) 49(2) 69(2) -23(2) -6(2) -10(2)
0(33) 112(4) 85(3) 67(3) -14(3) 11(3) -58(3)
0(34) 52(2) 44(2) 94(3) -14(2) 4(2) -16(2)
0(35) 103(4) 62(3) 100(4) -23(3) -1(3) -19(3)
0(36) 45(2) 48(2) 57(2) -3(2) -6(2) -12(2)
0(41) 51(2) 39(2) 34(2) -17(1) 1(1) -6(2)
0(42) 52(2) 41(2) 29(2) -11(1) 0(1) -9(2)
0(43) 48(2) 67(2) 42(2) -18(2) 12(2) -26(2)
0(44) 65(2) 49(2) 34(2) -18(2) 7(2) -22(2)
0(45) 45(2) 46(2) 56(2) -25(2) -7(2) -6(2)
0(46) 68(2) 44(2) 37(2) -8(2) -5(2) -21(2)
P (ll) 90(1) 73(1) 76(1) -23(1) 13(1) -62(1)
P(12) 37(1) 62(1) 43(1) -16(1) 2(1) -20(1)
P(21) 83(1) 49(1) 35(1) -8(1) -15(1) -18(1)
P(22) 41(1) 44(1) 50(1) -22(1) 2(1) -11(1)
P(31) 87(1) 44(1) 81(1) -11(1) -9(1) -27(1)
P(32) 45(1) 47(1) 64(1) -19(1) -5(1) -9(1)
P(41) 38(1) 47(1) 39(1) -23(1) 3(1) -13(1)
P(42) 56(1) 46(1) 31(1) -11(1) 3(1) -21(1)
S(H) 60(1) 70(1) 63(1) -15(1) 3(1) -31(1)
S(12) 65(1) 106(1) 42(1) -30(1) 11(1) -44(1)
S(21) 120(2) 68(1) 62(1) -32(1) -31(1) -14(1)
S(22) 50(1) 68(1) 99(1) -44(1) 17(1) -28(1)
S(31) 94(2) 74(1) 180(3) -34(2) -5(2) -37(1)
S(32) 83(1) 89(1) 87(1) -53(1) -19(1) 6(1)
S(41) 59(1) 65(1) 79(1) -32(1) -22(1) -16(1)
S(42) 59(1) 72(1) 53(1) -13(1) 7(1) -31(1)
26
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Table 20a. Hydrogen coordinates (x 104) and equivalent isotropic displacement parameters (Â2
x 103) for diethyl amine calix[4]resorcarene. To be deposited.
Atom x y z U(eq)
H ( 1 1  ) 3 9 4 4 5 0 3 7 3 7 7 0 3 0
H ( 1 2 A ) 3432 5 1 1 9 4 8 0 3 5 1
H ( 1 2 B ) 3432 3 9 1 1 4826 5 1
H ( 1 2 C ) 2 5 4 6 4 4 0 3 5 2 1 6 5 1
H ( 1 2  1 ) 1 4 9 7 2 9 1 8 4 1 5 7 3 3
H ( 1 7 A ) 2246 5 8 3 1 7 6 0 4 3
H ( 1 7 B ) 1 0 4 3 7 8 1 1 7 0 1 4 3
H ( 1 8 A ) 1 6 7 4 2 1 6 - 2 0 7 1
H ( 1 8 B ) 990 - 4 1 5 496 7 1
H ( 1 9 A ) 1 3 9 5 2 5 1 1 1 2 3 7 6 4
H ( 1 9 B ) 4 9 4 1 3 2 1 665 6 4
H ( 2 1  ) 2352 5 9 5 4 4 4 8 1 3 0
H ( 2 3 A ) 2 8 7 1 7 7 8 3 5 0 4 7 4 9
H ( 2 3 B ) 1 8 5 1 7 7 2 3 5 5 1 0 4 9
H ( 2 3 C ) 2 4 4 4 8826 5 2 6 0 4 9
H ( 2 3 ' ) 5 5 4 7 5 8 5 4 5 7 2 3 1
H {21 A) - 2 5 7 4 3 3 1 4 3788 4 5
H ( 2 7 B ) - 2 4 6 5 3 9 0 7 3 1 8 7 4 5
H ( 2 8 A ) - 1 2 3 0 3 2 1 0 2 3 1 0 7 5
H ( 2 8 B ) - 2 6 0 0 2739 1 9 7 5 7 5
H ( 2  9 A  ) -3 6 8 9 1 3 7 4 3239 6 3
H ( 2 9 B ) - 3 6 1 8 7 3 4 2 4 5 2 63
H ( 3 1  ) 3367 7 9 9 3 4 0 2 6 28
H ( 3 4 A ) 5262 8800 4 0 2 1 48
H ( 3 4 B ) 5 2 7 8 1 0 0 3 7 4 0 5 6 4 8
H ( 3 4 C ) 6206 9 6 0 3 3675 4 8
H ( 3 4  1 ) 4 7 0 4 9384 2823 3 0
H ( 3 7 A ) 3 9 1 9 4 0 2 2582 3 7
H ( 3 7 B ) 6 3 0 8 5 7 6 1 9 0 5 3 7
H ( 3 8 A ) - 2 5 0 1 7 3 8 6 1 7 9 1 5 8
H ( 3 8 B ) - 1 4 8 3 8 4 0 6 1 6 2 1 5 8
H ( 3 9 A ) - 1 5 7 6 5 3 2 1 8 9 0 4 7
H ( 3 9 B ) - 1 0 6 7 6 5 6 6 1 3 0 5 4 7
H ( 4 1 1 ) 5 6 2 5 4 7 0 2 2385 3 1
H ( 4 1 ) 4 9 5 8 7 0 7 1 3339 3 0
H ( 4 1 A ) 5 7 8 5 6 1 2 7 3 7 8 4 4 8
H ( 4 1 B ) 6856 6323 3356 4 8
H ( 4 1 C ) 6 3 4 4 5 1 8 2 3 5 7 9 4 8
H ( 4 7 A ) 5 2 2 5 6786 4 9 9 4 9
H ( 4 7 B ) 4228 5 5 1 1 3 5 9 4 9
H ( 4 8 A ) 2388 5599 8 1 1 56
H ( 4 8 B ) 2 0 5 1 5223 -2 6 5 6
H ( 4 9 A ) 2 8 5 7 6 9 0 4 - 4 8 7 66
H ( 4 9 B ) 3 7 0 9 6226 - 6 2 5 6 6
H ( 1 1 A ) 3 4 4 2 1 6 4 4 5 2 1 1 1
H ( 1 1 B ) 2 4 2 1 - 1 1 1 5 1 2 4 1 1 1
H ( 1 1 C ) 2 7 4 4 - 4 8 6 9 5 8 1 1 1
H ( 1 1 D ) 2 5 5 5 2895 3 5 5 1 1 6
H ( 1 1 E ) 1 2 4 3 2 8 1 2 1 5 6 1 1 6
H ( 1 1 F ) 1 5 7 8 1 7 4 5 - 2 1 1 1 1 6
H ( 2 1 A ) - 1 3 4 8 1 2 7 2 1892 1 3 6
27
H ( 2 1 B ) - 1 6 3 0 1 7 0 6 1 2 6 2 1 3 6
H ( 2 1 C ) - 2 6 9 1 8 5 2 1 5 1 8 1 3 6
H ( 1 1 D ) - 4 5 0 5 2 5 0 3 2827 1 2 0
H ( 1 1 E ) - 5 3 1 1 1 1 5 1 2 4 6 1 1 2 0
H ( 1 1 F ) - 4 4 3 7 1 8 5 7 2 0 3 8 1 2 0
H ( 3 1 A ) - 2 3 1 0 8 6 4 0 2927 8 5
H ( 3 1 B ) - 2 5 6 8 9 1 9 8 2358 8 5
H ( 3 1 C ) - 1 2 5 0 9 6 5 9 2782 8 5
H ( 3 1 D ) - 1 7 8 2 5 6 3 5 2 4 0 8 83
H ( 3 1 E ) - 1 9 1 3 4 8 6 0 1 6 1 2 83
H ( 3 1 F ) - 2 6 7 5 5626 1 7 9 5 83
H ( 4 1 D ) 1696 7 0 9 8 925 82
H ( 4 1 E ) 660 5 8 4 9 526 82
H ( 4 1 F ) 1 3 1 3 6667 8 7 82
H ( 4 1 G ) 4 5 3 5 8666 5 3 1 0 8
H ( 4 1 H ) 4 6 3 0 8 0 7 0 - 7 4 0 1 0 8
H ( 4 1 1 ) 5 3 8 1 7982 - 9 9 1 0 8
H ( 1 1 0 ) 533 1 8 5 1 3 1 3 4 5 6
H ( 1 2 0 ) 3 5 7 0 2367 1 3 2 9 48
H ( 2 1 0 ) - 8 8 0 6493 3788 5 0
H ( 2 2 0 ) - 1 1 2 3 2 1 6 7 3293 5 1
H ( 3 1 0 ) 3266 8 8 7 0 2022 4 6
H ( 3 2 0 ) - 6 5 9 7 8 2 4 3 1 8 5 4 1
H ( 4 1 0 ) 4 7 8 5 4 2 8 5 1 3 8 8 5 3
H ( 4 2 0 ) 4 0 1 9 7989 1 1 6 5 5 2
H 9 2 1 6 1 0 5 4 0 5 3 5 0 4 1
H ( 1 A ) 1 2 3 7 5 0 7 7 2806 7 9
H ( 1 B  ) 1 9 0 6 6 0 4 6 2465 7 9
H ( 1 C ) 2274 4 9 7 5 2385 7 9
H ( 2 A ) 7 1 8 6 8243 5974 1 5 8
H ( 2 B ) 6 2 8 1 8 5 9 4 6 4 3 0 1 5 8
H ( 2 C ) 6999 9 3 9 5 6 0 0 0 1 5 8
Table 20b. Hydrogen coordinates (x 104) and equivalent isotropic displacement parameters (Â2x 103)
for diethyl thiophosphate calix[4]resorcarene. To be deposited.
Atom x y z U(eq)
H (ll) 8825 281 3713 42
H(12') 7121 -1110 4039 47
H(12A) 6957 119 4681 73
H(12B) 6950 -836 5039 73
H(12C) 5928 -196 4619 73
H(13A) 11064 -4262 5700 192
H(13B) 9949 -4025 6142 192
H(13C) 9472 -5029 5991 398
H(13D) 10573 -5293 6375 398
H(13E) 10683 -5290 5632 398
H(14) 10717 -2540 4615 53
H(14A) 12801 -3001 3963 172
H(14B) 13917 -3624 4301 172
H(14C) 13148 -4683 4738 303
H(14D) 12570 -4245 4060 303
H(14E) 11899 -4069 4713 303
H(15A) 6462 -2904 5140 422
H(15B) 6917 -3806 5612 422
H(15C) 6342 -3524 4471 840
H(15D) 5541 -3510 5119 840
H(15E) 6526 -4342 5088 840
H(16A) 15358 -1729 4457 79
H(16B) 14399 -1422 4974 79
H(16C) 14244 -765 3614 90
H(16D) 14573 -307 4055 90
H(16E) 13347 -433 4146 90
H(21) 6136 1044 3756 46
H(23A) 4302 2099 3564 79
H(23B) 4275 3072 3329 79
H(23C) 5320 2376 3698 79
H(23') 4752 2536 2431 49
H(23D) 4683 3332 1195 110
H(23E) 4133 3731 506 110
H(23F) 6356 3527 723 212
H(23G) 5414 4402 487 212
H(23H) 5908 3821 12 212
H(24) 7389 302 1840 47
H(24A) 6842 -1320 1358 84
H(24B) 7796 -2198 1576 84
H(24C) 8181 -738 650 155
H(24D) 8029 -1513 468 155
H(24E) 9087 -1639 847 155
H(25A) 2647 1685 1821 86
H(25B) 3614 954 1602 86
H(25C) 4402 586 2601 152
H(25D) 3180 457 2680 152
H(25E) 3341 1259 2817 152
H(26A) 10008 -2610 2344 177
H(26B) 9901 -1961 2738 177
H(26C) 10205 -3042 3595 278
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H(26D) 11194 -2923 3044 278
H(26E) 10549 -3601 3100 278
H(31) 7501 2265 2782 46
H(33A) 6550 6398 558 141
H(33B) 7475 6776 687 141
H(33C) 5132 7484 806 149
H(33D) 5974 7879 255 149
H(33E) 6019 7841 995 149
H(34) 5745 5016 1627 61
H(34') 9374 3505 2062 43
H(34A) 8745 3087 3425 65
H(34B) 8743 4012 2970 65
H(34C) 9901 3286 3110 65
H(34D) 3208 6609 1842 121
H(34E) 3547 6855 1077 121
H(34F) 1864 6664 896 195
H(34G) 1644 7398 1230 195
H(34H) 1521 6491 1658 195
H(35A) 6293 6384 2644 277
H(35B) 7413 6104 3021 277
H(35C) 6862 4950 3831 1522
H(35D) 5959 4963 3385 1522
H(35E) 5705 5682 3738 1522
H(36A) 2166 3901 2777 83
H(36B) 1027 4408 2419 83
H(36C) 1577 3640 1683 139
H(36D) 1586 3019 2407 139
H(36E) 2737 3148 2019 139
H(41A) 11441 911 4126 63
H(41B) 11321 49 4644 63
H(41C) 10225 793 4389 63
H(41) 9904 1815 3437 41
H(41') 11793 -147 3607 41
H(43A) 12214 -111 684 123
H(43B) 12889 530 677 123
H(43C) 14322 -648 1092 315
H(43D) 14073 -436 348 315
H(43E) 13650 -1164 893 315
H(44) 10394 989 1556 47
H(44A) 8030 2278 340 71
H(44B) 8398 1553 1004 71
H(44C) 8872 1317 -255 112
H(44D) 7979 965 282 112
H(44E) 9287 593 398 112
H(45A) 13790 -1324 2425 64
H(45B) 13059 -1562 3096 64
H(45C) 13561 -2926 3125 285
H(45D) 14691 -2645 2962 285
H(45E) 14103 -2725 2395 285
H(46A) 8975 4353 656 87
H(46B) 9786 4365 8 87
H(46C) 8226 4815 -582 146
H(46D) 8265 5467 -217 146
H(46E) 7458 4870 72 146
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T a b le  21. Hydrogen bonds distances (À) and angles (°) for diethyl amine
calix[4]resorcarene . To be deposited.
D-H d(D-H) d(H...A) Z(D-H...A) d(D...A) A
O ll-H llO 0.840 1.831 175.62 2.670 022
012-H120 0.840 1.818 149.25 2.575 N il
021-H210 0.840 1.860 170.94 2.692 032
022-H220 0.840 1.812 149.71 2.572 N21
031-H310 0.840 1.861 173.53 2.697 042
032-H320 0.840 1.812 147.83 2.562 N31
041-H410 0.840 1.899 162.96 2.714 012
042-H420 0.840 1.794 149.42 2.553 N41
Table 22 Conductometric curve for the titration of lead (perchlorate as counter ion) with 
L3 derivative in acetonitrile at 298.15 K.
[L]/[Pb2+] Am [L]/[Pb2+]
340.35 0.00 317.36 2.13
335.98 0.19 317.01 2.32
331.82 0.39 316.75 2.51
328.53 0.58 316.44 2.71
325.75 0.77 316.20 2.90
323.55 0.97 316.06 3.09
321.75 1.16 316.04 3.29
320.23 1.35 315.92 3.48
319.09 1.55 315.78 3.67
318.26 1.74 315.59 3.87
317.70 1.93 315.47 4.06
31
32
Table 23 Conductometric curve for the titration of silver (perchlorate as counter ion)
with L3 derivative in acetonitrile at 298.15 K.
[L]/[Ag+] A m [L]/[Ag+]
180.12 0.00 197.27 1.23
181.86 0.11 198.43 1.35
183.53 0.22 199.62 1.46
185.20 0.34 201.42 1.57
187.45 0.45 202.60 1.68
188.56 0.56 204.44 1.80
189.63 0.67 205.68 1.91
190.58 0.79 206.92 2.02
191.91 0.90 208.82 2.13
194.78 1.01 210.09 2.24
196.10 1.12
Table 24 Conductometric curve for the titration of cadmium (perchlorate as counter 
ion) with L3 derivative in acetonitrile at 298.15 K.
[l_]/[Cd2+] A m [L]/[Cd2+]
267.93 0.00 249.31 1.52
265.60 0.11 248.68 1.63
263.32 0.22 248.09 1.73
261.43 0.33 247.58 1.84
259.58 0.43 247.07 1.95
258.04 0.54 246.61 2.06
256.55 0.65 246.16 2.17
255.46 0.76 245.76 2.28
254.40 0.87 245.36 2.38
253.40 0.98 244.96 2.49
252.41 1.08 244.57 2.60
251.57 1.19 244.27 2.71
250.76 1.30 243.98 2.82
250.15 1.41
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Table 25 Conductometric curve for the titration of mercury (perchlorate as counter ion)
with L3 derivative in acetonitrile at 298.15 K
[L]/[Hg2+] Am [L]/[Hg2+]
281.64 0.00 268.18 1.32
280.57 0.10 267.45 1.42
279.61 0.20 266.74 1.52
278.63 0.30 266.13 1.63
277.30 0.41 265.47 1.73
276.30 0.51 264.66 1.93
274.90 0.61 264.05 2.13
273.64 0.71 263.39 2.34
272.67 0.81 262.71 2.54
271.58 0.91 262.14 2.74
270.48 1.02 261.87 2.95
269.65 1.12 261.38 3.15
268.94 1.22
Table 26 Conductometric curve for the titration of zinc (perchlorate as counter ion) 
with L3 derivative in acetonitrile at 298.15 K.
[L]/[Zn2+] Am [L]/[Zn2+]
307.92 0.00 275.90 1.36
303.44 0.11 275.01 1.47
298.70 0.23 274.14 1.58
295.25 0.34 273.42 1.69
291.89 0.45 272.71 1.81
289.16 0.56 272.12 1.92
285.88 0.68 271.54 2.03
283.66 0.79 270.45 2.15
281.29 0.90 269.97 2.26
279.28 1.02 268.59 2.37
278.12 1.13 268.47 2.49
277.01 1.24 268.37 2.60
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Table 27 Conductometric curve for the titration of fluoride (tetra butyl ammonium as
counter ion) with L3 derivative in acetonitrile at 298.15 K.
A m [L]/[F] A m [L]/[F]
129.62 0.00 0.00 1.28
128.18 0.10 0.33 1.37
126.74 0.20 0.64 1.47
125.64 0.29 0.95 1.57
124.61 0.39 1.25 1.67
123.68 0.49 1.54 1.77
122.86 0.59 1.83 1.87
122.13 0.69 2.11 1.96
121.49 0.79 2.39 2.06
120.95 0.88 2.67 2.16
120.41 0.98 2.94 2.36
119.95 1.08 3.20 2.55
119.50 1.18
34
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Appendix C
Table 28 Conductometric curve for the titration of cadmium (perchlorate as counter
ion) with L5 derivative in acetonitrile at 298.15 K.
[L]/[Cd2+] Am [L]/[Cd2+]
212.33 0.00 0.00 1.34
209.98 0.12 6.89 1.46
207.54 0.24 13.55 1.58
205.86 0.36 20.03 1.70
204.66 0.49 26.40 1.82
203.97 0.61 32.69 1.94
203.56 0.73 38.91 2.07
203.42 0.85 45.09 2.19
203.47 0.97 51.24 2.31
203.56 1.09 57.33 2.43
203.71 1.21 63.38 2.55
Table 29 Conductometric curve for the titration of zinc (perchlorate as counter ion) 
with L5 derivative in acetonitrile at 298.15 K.
[L]/[Zn2+] A m [L]/[Zn2+]
288.86 0.00 257.65 1.42
287.07 0.10 257.48 1.52
283.86 0.20 258.18 1.62
280.58 0.30 257.67 1.73
278.08 0.41 257.75 1.83
274.90 0.51 258.61 1.93
272.26 0.61 258.88 2.03
269.05 0.71 259.54 2.13
265.72 0.81 259.03 2.23
262.50 0.91 259.30 2.34
258.14 1.02 259.94 2.44
256.74 1.12 281.01 2.54
257.02 1.22 280.88 2.64
257.87 1.32
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Table 30 Conductometric curve for the titration o f mercury (perchlorate as counter ion)
with L5 derivative in acetonitrile at 298.15 K.
[L]/[Hg2+] A m [L]/[Hg2+]
300.10 0.00 260.83 1.73
298.85 0.09 258.11 1.87
296.46 0.19 256.34 2.01
294.17 0.28 255.65 2.15
291.74 0.38 255.50 2.29
289.37 0.47 255.51 2.43
286.96 0.56 255.82 2.57
284.64 0.66 255.92 2.71
281.87 0.77 256.23 2.85
279.28 0.88 256.54 2.99
276.72 0.99 256.42 3.13
274.10 1.11 256.71 3.27
270.66 1.22 257.04 3.42
268.19 1.33 257.28 3.56
265.79 1.45 257.61 3.70
263.28 1.59
Table 31 Conductometric curve for the titration of lead (perchlorate as counter ion) 
with L5 derivative in acetonitrile at 298.15 K.
Am [L]/[Pb2+] Am [L]/[Pb2t]
324.23 0.00 297.13 1.37
319.70 0.12 297.44 1.50
315.82 0.25 297.57 1.62
312.10 0.37 297.85 1.75
309.02 0.50 298.18 1.87
306.53 0.62 298.38 2.00
303.07 0.75 298.92 2.12
301.13 0.87 299.30 2.25
297.70 1.00 299.62 2.37
297.54 1.12 300.10 2.50
297.21 1.25 304.58 2.62
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Table 32 X ray crystallography data for silver and mercury complexes with 7-nitro- 
1,3,5-triaza adamantane
Empirical formula 
Formula weight 
Temperature 
Wavelength 
Crystal system 
Space group 
Unit cell dimensions
Volume 
Z
Density (calculated)
Absorption coefficient 
F(000)
Crystal size
8-range for data collection 
Index ranges 
Reflections collected 
Independent reflections 
Observed reflections [I>2cj(I)] 1994 
Completeness to 8 = 26.00° 99.3 %
Max. and min. transmission
C? H12 Ag N5 O5 
354.09 
150(2) K 
0.71073 Â 
Orthorhombic
P2i2i2i
a = 7.8671(3) Â 
b=  10.7011(5) A 
c= 12.6481(6) A 
a  = 90°
P = 90 
y = 90°
1064.80(8) A3
4
2.209 Mg/m3 
1.919 mm"!
704
0.19 x 0.13 x 0.11 mm^ 
3.05 to 26.00°
C7 H12 CI2 Hg N4 O2
455.70
150(2) K
0.71073 A
Monoclinic
P2i/c
a = 9.857(1) Â 
b = 7.314(1) À 
c=  15.956(2) Â
a= 90°
P= 104.203(5)° 
y = 90°
1115.2(3) A3
4
2.714 Mg/m3 
14.271 mm'l 
848
0.18 x 0.14 x 0.13 mm3 
2.95 to 26.00°
-9<h<9, -13<k<10, -15<l<15-12<h<ll, -7<k<9, -18<1<19
5200
2068 [R(int) = 0.0779]
0.8167 and 0.7119
7224
2179 [R(int) = 0.0818]
1943
99.7%
0.2584 and 0.1832
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on F^
Final R indices [I>2cr(I)]
R indices (all data)
Absolute structure parameter 
Extinction coefficient 
Largest diff. peak and hole
Ful 1-matrix least-squares on F^ Full-matrix least-squares onF^
2068/0/  164 
1.069
R1 = 0.0295, wR2 = 0.0760 
R l=  0.0310, wR2 = 0.0770 
-0.02(3)
0.0083(12)
0.846 and -0.806 e.A-3
2179/0/146
1.093
R1 =0.0281, wR2 = 0.0756 
R1 = 0.0322, wR2 = 0.0784
0.0052(3)
1.685 and -2.546 e.A"3
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Table 33 Atomic coordinates ( x 10 )^ and equivalent isotropic displacement parameters (Â^x 
1()3) for the Ag complex. U(eq) is defined as one third of the trace of the orthogonalized UÜ 
tensor.
Atom X y z U(eq)
Ag 4604(1) -2077(1) 6357(1) 19(1)
0(1) -1900(4) 1913(3) 7304(2) 25(1)
0(2) -1386(5) 119(3) 8026(3) 31(1)
0(11) 9301(4) -985(3) 4649(2) 25(1)
0(12) 6947(5) -2011(3) 4888(2) 31(1)
0(13) 7400(5) -272(4) 5726(3) 40(1)
N 7877(5) -1075(3) 5088(2) 21(1)
N(l) -980(4) 1029(3) 7486(2) 17(1)
N(2) 2615(5) 1745(3) 5601(2) 18(1)
N(3) 3283(4) -178(3) 6557(2) 16(1)
N(4) 3654(4) 1856(3) 7430(2) 14(1)
0(1) 805(5) 1061(4) 7055(3) 15(1)
0(2) 833(5) 1726(4) 5969(3) 18(1)
0(3) 1519(5) -271(3) 6954(3) 14(1)
0(4) 1897(5) 1825(4) 7826(3) 15(1)
0(5) 3658(5) 2446(3) 6357(3) 16(1)
0(6) 4295(5) 562(3) 7306(3) 15(1)
0(7) 3260(5) 470(4) 5515(3) 17(1)
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Table 34 Bond lengths [Â] and angles [°] for the Ag complex.
Ag-N(3) 2.296(3) N (2 )-C (2 ) 1.477(5)
Ag-N(4)#l 2.353(3) N(3)-C(6) 1.470(5)
Ag-0(11)#2 2.446(3) N(3)-C(3) 1.479(5)
0(1)-N(1) 1.214(4) N(3)-C(7) 1.490(5)
0(2)-N(l) 1.231(5) N(4)-C(4) 1.470(5)
0(11)-N 1.254(5) N(4)-C(6) 1.482(5)
0(11)-Ag#3 2.446(3) N(4)-C(5) 1.497(4)
0(12)-N 1.266(5) N(4)-Ag#4 2.353(3)
0(13)-N 1.237(5) C(l)-C(4) 1.535(5)
N(l)-C(l) 1.507(5) C(l)-C(3) 1.537(5)
N(2)-C(7) 1.460(5) C(l)-C(2) 1.547(5)
N(2)-C(5) 1.467(5)
N(3)-Ag-N(4)#l 128.41(11) C(4)-N(4)-C(6) 109.6(3)
N(3)-Ag-0(11)#2 139.81(11) C(4)-N(4)-C(5) 108.7(3)
N(4)#l-Ag-0(11)#2 89.10(10) C(6)-N(4)-C(5) 107.3(3)
N-0(11)-Ag#3 104.6(2) C(4)-N(4)-Ag#4 109.7(2)
0(13)-N-0(11) 120.4(4) C(6)-N(4)-Ag#4 108.9(2)
0(13)-N-0(12) 120.3(4) C(5)-N(4)-Ag#4 112.6(2)
0(11)-N-0(12) 119.3(3) N(l)-C(l)-C(4) 107.7(3)
0(l)-N(l)-0(2) 124.5(3) N(l)-C(l)-C(3) 110.4(3)
0(1)-N(1)-C(1) 118.0(3) C(4)-C(l)-C(3) 110.0(3)
0(2)-N(l)-C(l) 117.4(3) N(l)-C(l)-C(2) 110.2(3)
C(7)-N(2)-C(5) 109.4(3) C(4)-C(l)-C(2) 108.1(3)
C(7)-N(2)-C(2) 109.9(3) C(3)-C(l)-C(2) 110.4(3)
C(5)-N(2)-C(2) 109.4(3) N(2)-C(2)-C(l) 107.4(3)
C(6)-N(3)-C(3) 109.0(3) N(3)-C(3)-C(l) 108.0(3)
C(6)-N(3)-C(7) 109.0(3) N(4)-C(4)-C(l) 108.8(3)
C(3)-N(3)-C(7) 108.7(3) N(2)-C(5)-N(4) 112.0(3)
C(6)-N(3)-Ag 107.7(2) N(3)-C(6)-N(4) 112.8(3)
C(3)-N(3)-Ag 113.8(2) N(2)-C(7)-N(3) 111.9(3)
C(7)-N(3)-Ag 108.6(2)
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Symmetry transformations used to generate equivalent atoms:
#1 -x+l,y-l/2,-z+3/2 #2 x-l/2,-y-l/2,-z+l #3 x+l/2,-y-l/2,-z+l 
#4 -x+l,y+l/2,-z+3/2
Table 35 Anisotropic displacement parameters (À^x 10^) for the Ag complex. The 
anisotropic
displacement factor exponent takes the form: -2n^[ h^a*^U^  ^+ ... + 2 h k a* b* ].
Atom U11 j j 2 2 U33 U23 U13 U12
Ag 22(1) 13(1) 22(1) -1(1) -2(1) 3(1)
0 (1) 20(1) 20# ) 34(2) -5(1) 2(1) 5(1)
0 (2) 31(2) 25#) 37(2) 5(1) 15#) -3# )
0 (11) 21(2) 28#) 26(1) -4(1) 4(1) 1(1)
0 (12) 41(2) 27(2) 24(2) 3(2) 1(1) -14(2)
0(13) 33(2) 44#) 42#) -28(2) 5#) 5#)
N 23(2) 26#) 15#) -3# ) 0# ) 3# )
N(l) 15(2) 16(2) 21(2) -6(1) 1(1) 0(1)
N(2) 23(2) 18(2) 12# ) 2# ) 0(1) 2(1)
N(3) 16(2) 14#) 19#) 0(1) -1(1) 0(1)
N(4) 16(2) 12(2) 14(1) -2(1) -1(1) 0(1)
C(l) 16(2) 16#) 14#) 0# ) 3(1) -1(2)
0 (2) 21(2) 21(2) 1S(2) 0# ) -2#) -1(2)
0(3) 14(2) 9(2) 21(2) -1(2) 2# ) 2# )
0(4) 16(2) 14#) 14#) 1(2) -2(1) 0# )
0(5) 16(2) 11(2) 20# ) 4#) 0# ) 1(1)
0 (6) 16(2) 10# ) 19#) -2(1) 1(1) 0# )
0(7) 20(2) 18#) 12# ) -1(2) 0# ) 4#)
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Table 36 Hydrogen coordinates ( x 10^) and isotropic displacement parameters (Â^x 10 )^ 
for the Ag complex.
Atom X y z U(eq)
H(2A) 111 1271 5457 22
H(2B) 395 2589 6039 22
H(3A) 1504 -692 7651 17
H(3B) 816 -765 6457 17
H(4A) 1445 2686 7882 18
H(4B) 1867 1439 8537 18
H(5A) 3219 3311 6413 19
H(5B) 4841 2490 6092 19
H(6A) 5487 593 7057 18
H(6B) 4285 143 8004 18
H(7A) 4427 490 5223 20
H(7B) 2536 -7 5017 20
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Table 37 Atomic coordinates ( x 10^) and equivalent isotropic displacement parameters (Â^x 
1Q3) for the Hg complex. U(eq) is defined as one third of the trace of the orthogonalized UÜ 
tensor.
Atom X y z U(eq)
Hg -4(1) -2578(1) 818(1) 14(1)
ci(i) -1461(1) 2(1) 470(1) 19(1)
Cl(2) 1465(1) -5162(1) 915(1) 18(1)
0(1) 5002(5) -2318(5) 4827(3) 41(1)
0(2) 4630(3) -4345(5) 3819(2) 23(1)
N(l) 4450(5) -2832(6) 4095(3) 17(1)
N(2) 3563(3) 1202(5) 2605(2) 14(1)
N(3) 1742(3) -1131(5) 2159(2) 12(1)
N(4) 1727(3) 855(5) 3391(2) 14(1)
C(l) 3530(4) -1496(6) 3503(2) 13(1)
C(2) 4474(4) -115(5) 3186(3) 14(1)
C(3) 2622(6) -2502(4) 2715(3) 13(1)
C(4) 2607(4) -473(6) 3997(3) 15(1)
C(5) 2665(5) 2151(6) 3085(3) 15(1)
C(6) 886(4) -141(6) 2642(3) 15(1)
C(7) 2659(4) 228(6) 1871(3) 16(1)
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Table 38 Bond lengths [Â] and angles [°] for the Hg complex.
Hg-Cl(l) 2.354(1) N(3)-C(6) 1.468(5)
Hg-Cl(2) 2.362(1) N(3)-C(3) 1.472(5)
Hg-N(4)#l 2.616(3) N(3)-C(7) 1.490(5)
Hg-N(3) 2.617(3) N(4)-C(6) 1.469(5)
0(1)-N(1) 1.220(6) N(4)-C(5) 1.488(6)
0(2)-N(l) 1.220(5) N(4)-C(4) 1.490(5)
N(l)-C(l) 1.499(6) N(4)-Hg#2 2.616(3)
N(2)-C(7) 1.470(5) C(l)-C(4) 1.536(6)
N(2)-C(5) 1.477(6) C(l)-C(2) 1.540(6)
N(2)-C(2) 1.478(5) C(l)-C(3) 1.541(6)
Cl(l)-Hg-Cl(2) 170.18(4) C(5)-N(4)-Hg#2 114.1(3)
Cl(l)-Hg-N(4)#l 91.94(8) C(4)-N(4)-Hg#2 108.4(2)
Cl(2)-Hg-N(4)#l 94.47(8) N(l)-C(l)-C(4) 109.7(3)
Cl(l)-Hg-N(3) 96.29(8) N(l)-C(l)-C(2) 108.3(3)
Cl(2)-Hg-N(3) 90.03(8) C(4)-C(l)-C(2) 109.3(3)
N(4)#l-Hg-N(3) 99.1(1) N(l)-C(l)-C(3) 110.1(3)
0(l)-N(l)-0(2) 123.7(4) C(4)-C(l)-C(3) 110.7(3)
0(1)-N(1)-C(1) 117.4(4) C(2)-C(l)-C(3) 108.7(3)
0(2)-N(l)-C(l) 118.8(4) N(2)-C(2)-C(l) 108.1(3)
C(7)-N(2)-C(5) 108.5(3) N(3)-C(3)-C(l) 107.8(3)
C(7)-N(2)-C(2) 109.9(3) N(4)-C(4)-C(l) 108.0(3)
C(5)-N(2)-C(2) 109.3(3) N(2)-C(5)-N(4) 111.7(4)
C(6)-N(3)-C(3) 110.4(3) N(3)-C(6)-N(4) 112.9(3)
C(6)-N(3)-C(7) 107.6(3) N(2)-C(7)-N(3) 111.9(3)
C(3)-N(3)-C(7) 109.1(3)
C(6)-N(3)-Hg 106.4(2)
C(3)-N(3)-Hg 112.9(2)
C(7)-N(3)-Hg 110.2(2)
C(6)-N(4)-C(5) 108.8(3)
C(6)-N(4)-C(4) 109.1(3)
C(5)-N(4)-C(4) 108.6(3)
C(6)-N(4)-Hg#2 107.8(2)
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Symmetry transformations used to generate equivalent atoms:
# 1 -x,y-1 /2,-z+1 /2 #2 -x,y+1 /2,-z+1 /2
Table 39 Anisotropic displacement parameters (Â^x 10^)for the Hg complex. The 
anisotropic
displacement factor exponent takes the form: -2tc^ [ h^a^ljd  1 + ... + 2 h k a* b*
]•
Atom u n U22 U33 U23 U13 Ui2
Hg 17(1) 13(1) 12(1) 0(1) 4(1) 2(1)
Cl(l) 23(1) 16(1) 18(1) 3(1) 8(1) 5(1)
Cl(2) 23(1) 16(1) 14(1) -1(1) 4(1) 5(1)
0(1) 54(4) 29(2) 27(2) -l(2) -19(2) 4(2)
0(2) 26(2) 17(2) 26(2) 2(2) 9(1) 6(1)
N(l) 15(2) 14(2) 18(2) 1(2) 0(2) -1(2)
N(2) 14(2) 12(2) 16(2) 2(1) 6(1) 0(1)
N(3) 13(2) 10(2) 12(2) 0(1) 4(1) 1(1)
N(4) 14(2) 11(2) 17(2) -l(2) 5(1) -1(1)
0(1) 14(2) 11(2) 15(2) 4(2) 3(2) 2(2)
0(2) 14(2) 14(2) 16(2) -2(2) 5(2) -2(2)
0(3) 15(3) 9(3) 15(2) -2(1) 4(2) -1(1)
0(4) 20(2) 14(2) 13(2) 1(2) 5(2) -2(2)
0(5) 16(2) 12(2) 16(2) -1(2) 5(2) -2(2)
0(6) 14(2) 13(2) 17(2) -1(2) 4(2) 2(2)
0(7) 20(2) 15(2) 14(2) -1(2) 7(2) -5(2)
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Table 40 Hydrogen coordinates ( x 10^) and isotropic displacement parameters (Â^x 
103)
for the Hg complex.
Atom X y z U(eq)
H(2A) 5077 535 3685 17
H(2B) 5082 -760 2872 17
H(3A) 3225 -3132 2392 16
H(3B) 2028 -3426 2905 16
H(4A) 2005 -1348 4212 18
H(4B) 3199 181 4499 18
H(5A) 2092 3080 2705 18
H(5B) 3263 2792 3588 18
H(6A) 274 -1023 2845 18
H(6B) 277 737 2250 18
H(7A) 3249 -407 1542 19
H(7B) 2069 1125 1480 19
Table 41 Potentiometric titration data for Hg2+ (as perchlorate) with MeCN at 
298.15 k.
vacc Vt acc Hg2+ log Hg2+ E
0 0 20 0.00E+00 #NUM! -730
0.2 0.2 20.2 1.10E-06 5.958213 -728.6
0.2 0.4 20.4 2.20E-06 5.657183 -726.6
0.2 0.6 20.6 3.30E-06 5.481091 -725.5
0.2 0.8 20.8 4.40E-06 5.356153 -724.6
0.2 1 21 5.51 E-06 5.259243 -722.6
0.2 1.2 21.2 6.61 E-06 5.180061 -718
0.2 1.4 21.4 7.71 E-06 5.113115 -715.6
0.2 1.6 21.6 8.81 E-06 5.055123 -712.1
0.2 1.8 21.8 9.91 E-06 5.00397 -710.2
0.2 2 22 1.10E-05 4.958213 -709.3
0.2 2.2 22.2 1.21 E-05 4.91682 -708.4
0.2 2.4 22.4 1.32E-05 4.879031 -707.9
0.2 2.6 22.6 1.43E-05 4.844269 -707
0.2 2.8 22.8 1.54E-05 4.812085 -706
0.2 3 23 1.65E-05 4.782121 -703.8
45
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Table 42 Potentiometric titration data for Hg2+ (as perchlorate) with L5 in
MeCN at 298.15 k.
[L]/[M] E(mV) [L]/[M] E(mV)
0.00 853.10 1.57 759.00
0.11 852.20 1.69 753.10
0.22 850.20 1.80 748.30
0.34 848.80 1.91 743.90
0.45 844.60 2.02 740.40
0.56 840.60 2.13 736.70
0.67 834.00 2.25 733.00
0.79 827.70 2.36 727.70
0.90 819.40 2.47 726.40
1.01 808.50 2.58 724.20
1.12 796.40 2.70 722.30
1.24 785.60 2.81 720.50
1.35 774.50 2.92 719.00
1.46 766.00 3.03 718.30
46
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Ionic Recognition by 7-Nitro-l,3,5-triaza Adamantane: First Thermodynamic Study
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A thermodynamic study involving 7-nitro-l,3,5-triaza adamantane, 1, and its interaction with metal cations 
in nonaqueous media is first reported. Solubility data of 1 in various solvents were used to derive the standard 
Gibbs energies of solution, AGS° in these solvents. The effect of solvation in the different media was assessed 
from the Gibbs energy of transfer taking acetonitrile as a reference solvent. lH NMR studies of the interaction 
of 1 and metal cations were carried out in CD3CN and CD3OD and the data are reported. Conductance 
measurements revealed that this ligand forms lead(II) or zinc complexes of 1:1 stoichiometry in acetonitrile. 
It also revealed a stoichiometry of two molecules of 1 per mercury(II) and two cadmiu (It) ions per molecule 
of 1. The addition of silver salt to 1 led to the precipitation of the silver-1 complex which was isolated and 
characterized by X-ray crystallography. At variance with conductance measurements in solution, in the solid 
state the X-ray structure shows a 1:1 stoichiometry in the Hg(II) complex. The thermodynamics of complexation 
of 1 and these cations provide a quantitative assessment of the selective behavior of this ligand for ions of 
environmental relevance.
Introduction
Adamantane1 is the name given by IUPAC to the hydrocarbon 
tricycle [3,3,1,1] decane compound.2 Its derivatives3-6 found 
applications in medicine to the extent that hundreds of papers 
have been written on the use of amantadine and amantadone as 
antiviral agents for some types of influenza.7-11 In fact, the 
National Advisory Committee on Immunisation has recom­
mended the prophylactic use of amantadine against influenza 
for the 2005—2006 period except in Canada due to the increased 
rate of resistance to this drug among influenza A viruses from 
tests carried out in that season.12 Other applications are those 
involving the use of adamantanes to fight soman poisoning in 
mice.13 The anti-Parkinson and antispastic activity of adaman­
tane has also been discussed in the literature.14
Among adamantanes, those with nitrogen atoms in bridgehead 
junctions have received a great deal of attention.15 The synthetic 
procedures for their preparation, chemical, physical, and spec­
troscopic properties have been discussed. It has been claimed 
that some derivatives can be used as a solid rocket or as a hybrid 
rocket fuel when in hydrocarbon solutions, as polymer stabiliz­
ers, modifying agents for rubbers, additives to fuel-lubricating 
materials, corrosion inhibitors, and for the regeneration of ion 
exchange anions when complexed with metal cation salts.
On the basis of our previous work on the macrocycles known 
as cryptands16-25 containing nitrogen atoms at bridgehead 
positions and their interaction with metal cations in water and 
nonaqueous solvents, we decided to carry out a detailed 
investigation on aza adamantanes and their cation complexing 
properties. For this purpose, the 7-nitro-l,3,5-triaza adamantane,
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1, was selected. This compound was prepared in 1967,15,26 and 
the synthetic procedure was modified subsequently by several 
workers.15 Despite the increased interest in these compounds, 
there is not a detailed investigation on the solution thermody­
namics of 1 or its complexing properties. A preliminary study 
of this ligand involving transition metal cations has been 
reported.27 However, nothing is known on the interaction of this 
ligand with heavy metal cations despite of the fact that this 
compound has donor atoms that can provide suitable sites for 
interaction with heavy metal cations that are ions of environ­
mental concern. If so, this compound can be used as pendant 
arms in the functionalization of calixarenes and calixpyrroles. 
This is an area of considerable interest for our Group given the 
possibility of anchoring this ligand to the polymeric matrices 
and then being used as recyclable decontaminating agents28-34 
for removal of heavy metals from water. However before 
proceeding with these studies, the complexing properties of this 
compound for these cations need to be investigated. Therefore, 
we report for the first time the following:
(i) the solubility of 1 and derived standard Gibbs energies of 
solution in various solvents at 298.15 K. In an attempt to assess 
the different solvation effects of the solvent on this compound, 
transfer Gibbs energies, AGf from a reference solvent to another 
are calculated;
(ii) 'H NMR spectroscopic data on the interactions of 1 with 
metal cations in CD3CN and CD3OD;
(iii) conductance measurements to establish the composition 
of the metal-ion complexes in acetonitrile solution;
(iv) thermodynamics of cation complexation in acetonitrile; 
and
(v) solution data that are compared with X-ray crystal- 
lographic studies on the silver and mercury complexes of this 
ligand.
10.1021/jp810170p CGC: $40.75 © 2009 American Chemical Society
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Experimental Section
Chemicals. Nitromethane, p-formaldehyde, and ammonium 
acetate were all purchased from Aldrich and were used without 
further purification.
Metal-ion perchlorate salts (LiC1 0 4 , 99%; NaC104, 98%; 
KC104, 99%; Mg(C104)2-H20, 99%; Ca(C104)2-4H20, 99%; 
Sr(C104)2*jcH20, 98%; Ba(C104)2-xH20, 98%; Zn(C104)2- 
6H20, 98%; Cd(C104)2-H20, 98%; Hg(C104)2-H20, 9.99%; 
AgC104, 97%; Pb(C104)2*3H20, 98%) used in the experiments 
were purchased from Aldrich. The perchlorate salts were dried 
over P4Oio under vacuum for several weeks and the 'H NMR 
was used to check for the presence of water in the salts before 
use.
Deuterated acetonitrile (CD3CN), deuterated methanol 
(CD3OD), deuterium oxide, and tetramethylsilane (TMS) were 
all purchased from Aldrich.
Acetonitrile, MeCN (HPLC grade, Fisher UK Scientific 
International) was dried by refluxing with calcium hydride under 
a nitrogen atmosphere.35
Methanol (MeOH) and ethanol (EtOH), HPLC grade) pur­
chased from Fisher were used without further purification.
Synthesis of 7-Nitro-l,3,5-triaza Adamantine. The ligand 
was prepared by following a previously reported procedure24
Elemental analysis was performed at the University of Surrey. 
Analytical calculations for the ligand (C7H12N40 2): % C, 45.65;
H, 6.57; N, 30.42. Found: % C, 45.81; H, 6.77; N, 30.40.
‘H NMR, (CD3CN) at 298 K, 6 (ppm): 4.41 and 4.05 (6/7, 
2d, N-C/72-N ) and 3.77 (6/7, s, N-C/72-C).
Isolation of Metal Ion Complexes of the Ligand. Aqueous 
solutions of silver nitrate or mercury perchlorate (1.135 x 10-1 
mol dm-3) and the ligand (0.6 mol dm-3) were prepared. A 
volume of the solution of the ligand (7 mL) was added to the 
silver nitrate or mercury perchlorate solutions in separate tubes. 
A precipitate was formed in each of the tubes that was dissolved 
in methanol and water, filtered, and covered with aluminum 
foil. The mixture was left for 14 days until crystals were formed. 
These were filtered out, dried, and employed in the X-ray 
structure determination procedure.
Solubility Measurements. To determine the solubility of this 
ligand in the various solvents, the method described by Danil 
de Namor et al.36J7 was used. Thus saturated solutions of 7-nitro-
I,3,5-triaza adamantane in the appropriate solvent were prepared 
and the mixtures were left in a thermostatted bath at 298.15 ±  
0.02 K for several days until equilibrium was attained between 
the solid and its saturated solution.
The crucibles were numbered and preweighed and aliquots 
of the saturated solution were placed into the crucibles and 
analyzed gravimetrically in triplicate by allowing the solvents 
to evaporate. Then the crucibles containing the solid were left 
in desiccators over CaCl2. The crucibles were weighed until a 
constant weight was attained. Separate blank experiments were 
carried out to ensure the absence of any nonvolatile material in 
the pure solvent.
Solvate formation was monitored by placing a small amount 
of the ligand on a watch glass over a saturated atmosphere of 
the appropriate solvent placed at the bottom of a closed 
desiccator.38
NMR Measurements. A Bruker DRX-500 pulse Fourier 
transform NMR spectrometer was used. The operating condi­
tions for routine proton measurement involved pulse or flip angle 
of 30°, spectra width (SW) of 20.7 ppm, spectral frequency (SF) 
of 500.150 MHz, delay time of 0.3 s, acquisition time (AQ) of 
3.17 s, and a line broadening of 0.3 Hz. Solutions of 1 (1 x 
10-3 mol dm-3) were prepared in the appropriate deuterated
solvent and placed in 5 mm NMR tubes. Tetramethylsilane 
(TMS) was used as the internal reference.
To study the complexation with metal-ion salts, these salts 
(3 x  10-3 mol dm-3) were added in excess to solutions of the 
ligand in the appropriate solvent. Chemical shift changes relative 
to that for the free ligand in the appropriate solvent were 
calculated.
Conductance Measurements. A Wayne-Kerr Auto Balance 
Universal bridge, type B642 was used to carry out conductance 
measurements. The conductivity cell constant was performed 
as described by Danil de Namor et al.39 For each experimental 
run, fresh solutions of the ligand 1 and metal-ion salts were 
prepared. The conductance cell was filled with a solution of 
the metal cation salt (concentration range 5 x  10-5 to 5 x  1(T4 
mol dm-3) and this was used for the experiment. The solution 
in the cell was allowed to attain equilibrium and then the ligand 
(concentrations in the 1 x  10-3 to 3 x  10-3 range) was added 
to the vessel in a stepwise titration using a hypodermic syringe. 
The conductivity was recorded after each addition and the molar 
conductance was calculated. A plot of molar conductance versus 
the ligand—metal ion concentration ratio was used to determine 
the stoichiometry of the complex.
Titration Calorimetry. Stability constants (expressed as log 
/Q and enthalpies of complexation, A/7C, of the ligand with 
the metal-cation with perchlorate as the counterion in acetonitrile 
were determined using the Thermal Activity Monitor (TAM 
2277) calorimeter. The calorimeter was calibrated using the 
standard reaction involving the complexation of 18-crown-6 with 
barium chloride in water at 298.15 K.40
Microcalorimetric titrations were then performed to calculate 
the stability constant and the heat of complexation of the 
reaction.4' 42 For these experiments, the vessel was filled with a 
solution of 1 in acetonitrile (8 cm3, 6 x  10"4 to 1 x  10-3 mol 
dm-3). A solution of the metal cation salt about 10 times more 
concentrated than that of the ligand was then injected from a 
0.5 cm3 gaslight Hamilton syringe into the vessel. About 26 
injections were made. This syringe attached to a computer 
operated syringe, drove at an average of 30 min intervals. Blank 
experiments were carried out for each reaction which was 
performed in duplicate.
Potentiometric Titrations. The stability constant value for 
mercury(II) and adamantane in acetonitrile was higher than 6, 
so potentiometric titrations were carried out to calculate the 
stability constant (expressed as log Ks) in this solvent. For this 
experiment, the electrochemical vessel containing the indicator 
mercuiy electrode was filled with a solution of tetra-n- 
butylammonium perchlorate (TBAP 0.05 mol dm-3, 35 cm3) 
in acetonitrile. The reference electrode was from Russell, and 
the internal electrolyte was a saturated solution of Li Cl in 
ethanol.
Results and Discussion
Solubility Studies of 1 in Various Solvents. Solubility data 
for 1 in various solvents are recorded in Table 1. These are the 
result of several analytical measurements carried out on the same 
saturated solution. The standard deviation of the data is also 
included in this table. Solvate formation was observed when 1 
was exposed to a saturated atmosphere of chloroform. Given 
that the calculation of the standard Gibbs energy of solution, 
AGS° requires the same composition of 1 in the solid and the 
saturated solution, this parameter was not calculated in chloroform.
This ligand is strongly protonated in water; its solubility could 
not be quantitatively obtained. In fact the protonation constant 
of some triaza adamantanes in water and in dimethylsulfoxide
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TABLE 1: Solubilities and Standard Gibbs Energies of 
Solution of 7-nitro-l,3,5-triaza adamantane in Various 
Solvents at 298.15 K with Derived Standard Transfer Gibbs 
Energies from Acetonitrile"
solvent
solubility 
(mol dm-3)
AG?
(kJ m o r 1)
AG°(MeCN-s) 
(kJ mol-1)
MeCN (4.0 ±  1.7) x  10"2 8.0 0
DCM (1.7 ±  0.8) x  lO"1 4.4 - 3 .6
DMF (7.6 ±  3.3) x  10~2 6.4 - 1 .6
THF (4.6 ±  0.2) x  10-2 7.7 - 0 .3
EtOH (8.6 ±  0.2) x  IO- 3 11.8 3.8
MeOH (2.5 ± 0 .1 )  x  10"2 9.2 1.2
Toi (1.6 ±  0.7) x  lO~2 10.3 2.3
h 2o protonated protonated protonated
CHC13 solvate formation
a Abbreviations: dichloromethane, DCM; MV-dimethylformamide, 
DMF; tetrahydrofuran, THF; acetonitrile, MeCN; methanol, MeOH; 
toluene, Toi; ethanol, EtOH; water, H20 ;  chloroform, CHC13.
TABLE 2; NMR Chemical Shift Changes for 
7-Nitro-l,3,5-triaza Adamantane upon Addition of Metal 
Cations (as Perchlorate) in CD3CN at 298 K 
N O ,
7-iiUro-!.315-lrtaza adamantane.
metal
cation
H -l, Ad 
(ppm)
H-2, A(5 
(ppm)
H-3, A<5 
(ppm)
Zn2+
Cd2+
Hg2+
Pb2+
0.32
0.11
0.37
0.33
0.38
0.11
0.43
0.43
0.21
0.08
0.73
0.22
Chemical Shifts (in ppm) for 1 (free ligand) in deuterated 
acetonitrile: H -l, 4.41; H-2; 4.05; H-3, 3.77.
has been reported in the literature.15 This is to be expected given 
that these are amines and as such these compounds have affinity 
for the proton. We have monitored the possibility of protonation 
of 1 by conductivity measurements. It is expected that a neutral 
ligand such as 1 should act as an electrical insulator. However, 
in an aqueous medium the solution possesses conductivity due 
to the protonation of the ligand in water. In the absence of 
solvation and conductance, solubility data were used to derive 
the standard Gibbs energy of solution, AG° referred to the 
standard state of 1 mol dm-3. These are also listed in Table 1. 
Taking acetonitrile as the reference solvent, the standard transfer 
Gibbs energy, AGt° of 1 was calculated. The data show that the 
difference in solvation of 1 in one solvent relative to acetonitrile 
is indeed very small.
Judging from the AGf values as shown in Table 1, the 
solvation trend for 1 follows the sequence DCM > DMF > THF 
> MeCN > MeOH > Toi > EtOH.
1H NMR studies on cation complexation. Data for the *H 
NMR chemical shift changes that 1 undergoes in the presence 
of mercury(II), zinc(II), lead(II), and cadmium(II) cations in 
CD3CN are listed in Table 2. Within the concentrations used, 
Ag+ formed a precipitate when complexed with 1 in CD3CN, 
therefore we were unable to detect chemical shift changes for 
this system in this solvent. The most significant chemical shift 
changes are observed for Hg2+, Pb2+, and Zn2+ ions, while the 
smallest downfield shift was observed for Cd2+. However, the 
chemical shift changes exhibited by H-l, H-2 and H-3 protons 
for Zn2+ and Pb2+ are quite similar. To a much lesser extent, a
similar trend is observed for Cd2+ in CD3CN. However, this 
trend is not observed for mercury(II). For this cation and 1, the 
most pronounced downfield shift is observed for H-3 followed 
by a less pronounced downfield shift for H-2 and H-l protons. 
These shifts appear to indicate that the interaction of the former 
cations with this ligand differ at least in strength from that of 
Hg2+ and this ligand in solution. No significant chemical shift 
changes were observed for any of the alkali and alkaline-earth 
metal cations in this solvent.
As far as CD3OD is concerned, no significant chemical shift 
changes were observed by the addition of metal cation salts to 
this ligand except for silver and mercury(II). Thus the addition 
of the silver salt leads to distortion of all the peaks while in the 
presence of mercury(II) this was only observed for H-3 proton.
In an attempt to establish the composition of the metal-ion 
complexes, conductance measurements were carried out and 
these are described in the following section.
Conductance Measurements and X-ray Diffraction Stud­
ies. The addition of a solution of the ligand (non-conducting) 
to a metal-ion salt solution placed in the conductance cell led 
to significant changes in conductance due to complex formation 
in the case of mercury(II), zinc(II), lead(II), and cadmium(II) 
in acetonitrile. Plots of molar conductance, Am, against the 
ligand to metal cation concentration ratios for the titration of 
these salts with 1 in this solvent are shown in Figure 1. Thus 
the initial molar conductance of the metal cation salt (as 
perchlorate) in the absence of the ligand falls within the values 
previously reported in this solvent.40,43 The size effect in moving 
from the single to the complex cation is reflected in the decrease 
in conductance observed in going from A to B. This is to be 
expected as the mobility of the complex must be lower than 
that of the single cation unless solvation of the latter is 
remarkably high or a substantial degree of ion pair formation 
occurs between the free cation and the counterion relative to 
that of the metal ion complex and its counterpart. The most 
interesting feature of these results is that while 1:1 complexes 
are formed in the interaction of 1 with either Pb2+ or Zn2+, this 
is not the case for Hg2+ and Cd2+. It is found that two molecules 
of 1 binds to a Hg2+ ion and that one molecule of 1 binds two 
Cd2+ ions. Because of the precipitation of the silver complex 
by the addition of 1 to silver perchlorate or vice versa the 
composition of this complex from conductance measurements 
could not be established but instead, we were able to obtain 
suitable single crystals for structural X-ray diffraction studies. 
Also the unusual composition of the mercury(II) complex led 
us to its isolation and again, suitable crystals were obtained and 
the corresponding X-ray structure determined. Atomic fractional 
coordinates and equivalent displacement parameters as well as 
anisotropic thermal parameters for the non-H atoms and 
hydrogen atoms and isotopic displacement parameters for silver 
and mercury(II) complexes of 1 are available on request. Figures 
2 and 3 respectively are ORTEP44 drawings of these complexes. 
The silver complex crystallizes as CvH^AgN^'NOs. As 
shown in Figure 2, the silver cation bridges the N atoms of 
neighboring adamantane ligands and subtends two more short 
contacts of two neighboring solvent molecules giving rise to 
an infinite three-dimensional supramolecular arrangement. This 
figure also shows the extended structure generated by the above- 
mentioned contacts to the silver cation. In the mercury complex, 
CvH^HgN^Cls, the metal cation is bonded to two chloride 
ions and two neighboring, symmetry related, adamantane 
ligands, giving rise to an infinite supramolecular chain along 
the crystal 6-axis. Comparison of 10 atoms of adamantane 
skeleton in both complexes by using the Kabsch’s procedure45
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Figure 1. 
298.15K.
Conductometric titration curve o f  1 with (a) zinc(II), (b) cadmium(II), (c) mercury(II), and (d) lead(II) metal cations in acetonitrile at
predominantly in their ionic forms in solution,40 thermodynamic 
data referred to a properly characterized process in acetonitrile 
can be derived and this is now discussed.
Thermodynamics of Complexation of 1 and Metal Cations 
in Acetonitrile. Stability constants and derived standard Gibbs 
energies, enthalpies, and entropies of complexation of 1 with 
metal cations (mercury(II), zinc(II), lead(II), and cadmium(II)) 
in acetonitrile at 298.15 K are listed in Table 3. Calorimetric 
titrations also provide information regarding the composition 
of the metal-ion complexes. In all cases, agreement was found 
between the stoichiometry of complex formation derived from 
conductometry and calorimetry. It may be argued that thermo­
dynamics does not provide structural information. On the other 
hand, it is indisputable that any model proposed must fit the 
experimental data. This is indeed the case as reflected in the 
standard deviation of the data.
For all systems, the processes are enthalpically controlled and 
entropically unfavored except for the formation of the 1:2 
(ligand/metal cation) complex of cadmium(II) which is entropi­
cally favored. For the 2:1 complexation reaction between 1 and 
mercury(II), the stability constant value is well beyond the scope 
of titration calorimetry. Therefore stability constants for this 
system were determined by potentiometry. The results show 
that the formation of the 1:1 complex (eq 1) is characterized 
by a similar stability to that of the 2:1 complex (eq 2) although 
the enthalpies and entropies differ as a result of their full 
compensation.
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Figure 2. X-ray crystallography o f the 1-silver complex.
Figure 3. X-ray crystallography o f 1-mercury complex.
showed them to be essentially identical with an overall rms 
derivation from homologous atoms of 0.023 Â.
Having established the composition of the complexes and 
knowing from previous studies the concentration range at which 
metal cation salts of mercury, lead, zinc, and cadmium are
Hg(II)(MeCN) +  l(MeCN) — Hgl(II)(MeCN) (1)
Hgl(II)(MeCN) +  l(MeCN) — Hgl2(II)(MeCN) (2)
Computer simulation studies show that for Zn2+ and Pb2+ 
complexes the cation interacts with the three nitrogen atoms of 
the ligand and a fourth coordination is provided by the nitrogen
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A ^O Tttriielf m i s T 1”*'8 °f  CompleXatlon of 1 with Mctal CaUons (Mercurydl), Zinc(II), Lead(II), and Cadmium (II)) in
cation L:Mn+ log Ks AG° kJ m or1 AH° kJ m ol' A5C° JK"1 m o r 1
Hg2+
Zn2+
Pb2+
Cd2+
1: 1 
2: 1 
1: 1 
1: 1 
1: 1 
1:2
12.0 ±  0 .2" 
12.0 ± 0. 1“
5.5 ± 0 .1 *  
4.2 ± 0 .1 *  
2.8 ±  0.2*
1.6 ± 0.1*
-6 8 .5  ±  0.2" 
-6 8 .5  ±  0.0" 
-3 1 .4  ± 0 .1  
- 2 4 .0  ± 0 .1  
-1 6 .0  ±  0.2 
- 9 .1  ± 0 .1
- 9 6 .4  ±  0.2* 
- 9 0 .2  ±  0.0* 
- 6 2 .4  ±  0.3* 
-6 5 .1  ± 0 .1 *  
- 2 0 .4  ± 0 .1 *  
- 7 .3  ±  0.1*
" Potentiometry. * Calorimetry.
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Figure 4. Correlation between log Ks values for 1:1 complexes and 
Ad values (ppm) for H-3 in CD3CN at 298 K.
atom of the solvent. This is the arrangement that leads to the 
lowest energy (higher stability). In fact the enthalpy values 
associated with the complexation of 1 with these cations are 
quite close. However, the lower stability of the lead relative to 
the zinc complex is attributed to the higher loss in entropy of 
the former relative to the latter.
As far as the cadmium complex is concerned, molecular 
modeling calculations suggest that the arrangement of the 
highest stability (lower energy) is that in which one cadmium 
cation is bonded to the three nitrogen atoms of the ligand and 
one molecule of acetonitrile, while the second cadmium cation 
is bonded to one of the oxygens of the nitro group and to three 
molecules of acetonitrile. It should be noted that there is a 
correlation between the log Ks values corresponding to the 
formation of 1:1 complexes and the Aô values for H-3 (Table 
2) resulting from the addition of metal cation salts to the ligand 
in deuterated acetonitrile as shown in Figure 4.
Conclusions
From the above discussion the following conclusions are 
drawn:
(1) This is the first detailed thermodynamic study of cation 
interactions involving the
7-nitro-1,3,5-triaza adamantane 1 ligand.
(2) The behavior of 1 with metal cations in acetonitrile is
quite versatile in that complexes of different compositions are
formed depending on the nature of the metal cation. Thus, in
solution two 1 ligands bind to a mercury cation forming 2:1
complex, while two symmetry related adamantanes coordinate
each Hg(II) ion in the polymeric 1:1 complex found in the solid 
state. The most interesting feature of these results is that this 
ligand interacts selectively with cations of environmental 
relevance following the sequence for 1:1 complexes Hg(II) > 
Zn(II) > Pb(II) > Cdfll).
Attempts to attach adamantane functionalities as pendant arms 
in calix[4]arene and calix[4]pyrrole are now in progress.46
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